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“book deals with the physival bases of the atomization of
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about the form of streams and films created by atomizers are given./
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This book deals with the physical bases
of the atomization of liquids. The principles
of actlion of an atomlzer are examlned, data
about the form of streams and fllms created
by atomlzers are given. Hydraulic theory
and methods of -designing swirlers, including
adjustable swirlers, are given. The theory
or disintegration of streams and films of
liquid is developed. The influence of para-
meters of injJectors and physical properties of
liquid on the form of streams and films, and
also on the size of the liquid drops 1s examined.
Data on the distribution of liquid in the spray
created by the atomizing devices is given.
The method of experimental investigation of
injectors is given.

The book 1s designed for scientific
workers and technical engineers investigating
devices for atomizing liquid (for combustion
chambers in engines, furnaces, equipment used
in t?e chemical and food industry, agriculture,
etc.).
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PREFACE

As experliment was shown, the effectiveness of the burning of
liquid fuel in the combustion chambers of engines and furnaces,
Just as the perfect development of a number of technologlcal processes,
frequently 1n considerable measure depends on the quality of the
atomization of liquids. By this 1t 1s possible to explain the
constant and ever-increasing interest toward the study of the atom-
ization of liquids exhilbited by a wilde circle of englneers and
sclentists. A considerable number of articles has been published
concerning thils questlon 1n varlous journals. There are several
monographs dedicated either to the technical aspects of the atomization
of liquids in reference to any branch of technology, or dedicated to
developing the theory of disintegration of streams.

This book 1s dedlcated to the conslderation of a problem which
is very significant for contemporary technology — the atomization
of liquid during continuous outflow fromn an injector. Just such
a process takes place during the atomization of fuel in the combustion
chambers of jet and rocket engines and 1n power furnaces, and also
in a numb:r of apparatuses used in the chemical and food 1ndustry,
agriculture, etc.

An extensive class of repeating atomilzers (for example, those
used in internal combustion engines goes beyond the framework of this
book. Nonetheless, certaln general regularities of atomization
during the continuous outflow of liquid which are given in this
book can be used during the study of the mechanism of atomization

FTD-MT-24-97-68 v
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of injectors with periodic outflow of 1liquid.

Basic attention in the book 1s allotted to swirlers, which are

very widely used in contemporary technology. Injectors and other
types are examined also.

It 1s necessary to indicate that questions of the distribution
of atomized liquid in gas flow are examined in the coming monograph
of B. V. Raushenbakh, S. A. Belyy and others "Physical Bases of
the Working Process in Combustion Chambers of Alrbreathing Jet
Engines," and therefore are not 1llustrated in this book.

This book expounds physical concepts about the mechanism of
disintegration of streams, films and drops of liquld and makes an
attempt to construct a single tneory of these processes. Considerable

attention is allotted to the theory and methods of hydraulic design
of atomizers.

Along with materials in print, the book uses the results of
investigations of the authors.

Chapters I and II are written by Yu. F. Dityakin, Chapters III
and IV by L. A. Klyachko, Chapter V by V. I. Yagodkin, and V. A.
Borodin, Chapter VI by Yu. F. Dityakin, V. A. Borodin and V. I.

Yagodkin, Chapters VII and VIII by Yu. F. Dityakin, and L. A.
Klyachko.

FTD-MT-24-97-68 vi




CHAPTER I

PRINCIPLES OF THE ACTION OF INJECTORS AND PHYSICAL
PROCESSES OCCURRING DURING THE
ATOMIZATION OF LIQUIDS

Devices for the atomization of liquids (injectors and atomizers)
are widely used in contemporary technology. Injectors are of
expeclally great value in arrangement for the burning of fuels
(in reciprocating engines and internal combustion turbines, in
Jet engines, in furnaces). Injectors are also widely used in
equipment used in the chemical industry, in agriculture, construction
industry and other branches of the national economy.

In splte of the great variety of designs, injJectors can be
classified by the principle of thelr action. InjJectors are
intended for the atomization of a stream of liquid into a great
number drops and the distribution of these drops in space. Atomiza-
tion of a stream of liquid 1s a complex nhysical process, depending
on many external and internal causes. The basic external cause is
the influence on the surface of a stream of aerodynamic forces,
whose magnitude depends on the relative stream velocity and density
of the surrounding gas. The aerodynamic forces tend to deform and
tear the stream, and the forces of surface tension prevent this.

Internal causes of disintegration are varlious kinds of initial
disturbances, caused by, for example, a breakdown of the cyllndrical
form of the stream when it leaves the nozzle, vibrations of nozzle,
ete.

External causes in most cases are the determining ones for

FTD-MT-24-G7-68 1
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The first method is bound up in the fact that liquid flows into
a fixed gaseous environment, and in the second, it flows at low
velocity into a moving gas flow. Thus in the first case the kinetic

energy of the liquid is used for its atomization, and in the second -
the kinetic energy of gas.

The second method of atomization of liquid is called the "gas"
or pneumatic method. We ran also imagine the combination of both
methods of atomization.

mchani cal atomizatior j

Fig. 1. Scheme of classification of methods of
atomization: 1 — cylindrical nozzle; 2 — slot nozzle;
3 — atomizer with coaxial fluid and gas flows; 4 and
5 — atomizers with feed of liquid at a right angle to
the airflow; I') gas; X liquid.

Figure 1 gives the classification of methods of atomization of
liquid and the scheme of corresponding injectors and atomizers. The
Simplest injector for the mechanical atomization of liquid is a jet
injector, constituting a cylindrical nozzle from which flows a stream
of liquid which disintegrates into drops and forms a spray of atomized

FID-MT-24-97-68 2
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liquid with small vertex angle. If the nozzle is in the form of a
narrow slot, then upon leaving the injector a flat liquid film will
be formed, which then disintegrates into drops. {One variety of jet

‘Injector is an injector with colliding streams. As a result of the

collision of two streams, at a certain angle from the point of

collision the liquid spreads radially, forming film which disintegrates
into drops.

We will examine in greater detail the form of disintegration of
a stream of liquid flowing from a c¢cylindrical hole. Since these
forms have been investigated well, it is sufficient to indicate only
the basic conclusions of the investigations. When the values of
stream velocity are low, at a certain distance from the nozzle the
stream starts to be deformed. Amplitudes of axisymmetrical deformations
grow, and the stream breaks up into separate large drops of equal
diameters (Fig. 2) [6]. This form of stream disintegration is called
axlsymmetrical. As the stream velocity increases, the character of
the deformations and disintegration changes: there appear wave-like
deformations and the stream axis is distorted. These deformations
are strengthened due to the influence of the gaseous medium and lead
to "wave-like disintegration" (Fig. 3). Finally, when stream velocity
increases still more, the wave-like deformations become very
compiicated. The length of the undecomposed section of the stream
is sharply reduced, and the stream starts to disintegrate near the
nozzle. Such a form of disintegration is called atomization (Fig. U4).
The stream turns into a spray of atomized 1liquid, consisting of
numerous small drops, dimensions of which change in great limits.
During atomization drops are apparently formed because on the surface
of the stream small waves appear (small as compared to the radius of
a drop), and the ridges of these waves are detached from the stream.
Such waves are very noticeable on the lateral surface of a stream

flowing from a narrow slot (Fig. 5).
RAP;ZS NOT
FRanCiBL

Fig. 2. Photograph of stream in conditious of
axisymmetrical disintegration [(].

FTD-MT-24-97-68 3
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Fig. 3. Photograph of stream in conditions

of wave-like disintegration.
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Fig. 4. Photograph of stream in conditions

of atomization.
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Fig. 6. Photograph of film forming
upon the collision of streams.

Censidering the disintegration of a film which forms upon the
collision of two streams, when their velocity 1s sufficiently great
(Fig. 6) on the surface of the film peripheral waves and radial
folds are detected, which spread from the point of collision of
the streams [3]. The folds, interacting with the peripheral waves,
lead to the appearance of ridges from which after thelr breakaway
drops will be formed. Furthermore, drops, as also in the case of
moderate stream veloclities, will be formed as a result of splitting
of the edge of the film.

In widely used swirletrs the liquid in front of the nozzle
outlet 1is intensely rotated in the twiating chumber, where it
proceeds through tangential channels. Upon leaviag the nozzle,
the liquid will form a tapering film, constituting a hollow cone.
This film loses stabllity and disintegrates into drops.




S ———— e,

AR e et o e e

e . 4 - o -

B et L

At a low liquid exit veiocity the film takes the form of a "bubble"

‘(Pig. Ta). Outgoing liquid forms a continuous thin film, which again

is contracted under the influence of the forces of surface tension.
As exit velocity increases, the "bubble" passes into "tulip" form
(Fig. Tb), and with a further increase of velocity, the length of the
film is reduced and the site of drop formation shifts toward the
nozzle until disintegration of the film begins practically right
at the nozzle. Such a form of disintegration when a liquid spray

is formed is called atomization (Fig. Tc). Photographing a disinte-
grating film at exposures of 10"'5-10'6 s reveals that its disintegration
is preceeded by the rapid process of a bulldup of disturbances;
nowever, near the nozzle there 1s always a section of undisintegrated
f1lm. On its surface propagate waves, which with outflow intensively

|

|

|

|

|

|

The development of film deformation can be traced by photgraphs. :
|

|

|

|

|

|

|

|

GRAPHIC NOT
REPX0;CIBLE

Fig. 7. Photograph of disintegrating
film: (a) "bubble" form; (b) "tulip"
form; (c) atomization.
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increase in amplitude (Fig. 8), which leads to the abrupt termination
of their ridges. The separating liquid under the influence of
surface tension turns into drops. Thickness of the film upon
disintegration is very small. However, the drop diameters exceed

the film thickness, since drops are formed from shapeless piecea'of
disintegrating film.

———— o o

Let us consider further the method of gas atomization (Fig. 1).
In gas injectors of the first type a stream or film of liquid is
fed into a coaxial gas flow. On the gas-liquid interface appear
unstable waves and the stream (film) breaks up into drops just as
was described earlier. 1In a gas injector of the second type a
stream or film of liquid is fed at a certain angle to the direction

of gas flow. The stream is deformed by the flow and breaks up into
drops.

Fig. 8. Photography of swirler
film.

GRAPHIC NOT
REPRODUGIBLE

Let us examine photographs of a disintegrating film of liquid
flowing from a thin circular slot perpendicularly to the airflow (see
Fig. 1) [4]. 1In the absence of airflow (Fig. 9a) the forming film
is not deformed and disintegrates along the periphery, forming large
drops. At a low air velocity (Fig. 9b), the film upon ccllision with
the airflow does not break up immediately, but first 1s deformed into
an "umbrella" shape, on the edge of which appears a thick unstable
cylinder which disintegrates into drops. As air velocity increases,
the 1liquid film disintegrates under the impact of disturbances and
from its edge are detached smaller drops (Fig. 9c). At a high air
velocity peripheral waves start to predominate, and from the surface

of the film are detached short ridges, forming small drops (atomization)
(Fig. 9d).
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Fig. 9. Photograph of films of liquid flowing from a circular slot
perpendicularly to the airflow: (a) in the absence of airflow, width
of slot, 265 u; (b) a’.r velocity, 7.6 m/s; thickness of film upon
collision with airflow, 58 u; (c) velocity of airflow, 30.5 m/s;
thickness of film upon collision with airflow, 88 u; (d) velocity of
gér?low, 91.4 m/s; thickness of film upon collision with airflow,

u'

If the air flow aroﬁnd fhé‘fiiﬁlgﬁiéfé~with respect to an axis
of the film, this will lead to expansion of the spray of atomized

liquid, an increase of the distribution drops in space and a decrease
in their size. When a stream of liquid is streamlined by a gas

flow normal to the stream axis, a number of pecullarities shows up,
distinguishing this disintegration from disintegration of a stream

in a wake flow [1]. Near the base of the stream appears a more or
less extended section (a few calibrations), where the stream 1is
insignificantly disturbed (Fig. 10). Further is a section where there
are great disturbances. Under the impact of the alr flow, prior to
the moment of disintegration the stream seems to flatten, turning

into a unique film, which further disintegrates into drops.

In an injector with rotating atomizer such liquid of the film
is created by the rotation of a disk or drum, intc whose internal
cavity the liquid is fed. This film during runoff from the edges
of the disk cr drum becomes unstable and breaks up into drops.

Let us examine disintegration of a liquid film flowing from a
revolving drum. When the flow rate of the liquid 1s very low, on
the edge of the drum appears a liquid torus which under the impact

Tm— W
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of centrifugal forces 1s deformed so that spherical nodes are formed
on it. Growth of these nodes leads to the breakaway of several drops
from the edge of the drum. With an increase of the flow rate of the
liquid, these spherical nodes on the torus turn into thin streams

and filaments flowing from the edge of the drum [5]. The number of
these filaments increases as the flow rate of the liquid increases,
and achieves a certain constant value, after which it remains
constant independently of the flow rate. The liquid filaments break
up into drops at a certain distance from the edge of the drum.

v .- "
i I | : S
- S
: . ¢ e Fig. 10. Photograph of a stream
K of liquid normally streamlined
r ».L by an airflow [1].
o . .
€ -3 ..‘.',;.‘-;'f-'
f : b, T :V
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Upon further increase of the liquid flow rate, the filaments,
whose number remains constant, cannot transmit all the ligquid from
the torus to the edge, and therefore the torus breaks away from the
F edpe and forms a film. This film in the beginning stretches to a
specific distance from the edge, and further breaks up into filaments
and large drops, which in turn are subjected to splitting due to the
action of aerodynamic forces. Similar stages of disintegration can
also be observed in the case of film flowing from the edge of a
revolving disk (Figs. 11 and 12) [2].

In ultrasonic atomizers liquid is "crushed" under the impact
§ of rapid vertical shifts of a plate, occurring at ultrasonic frequency.
On the surface of the layer of liquid fed to the vibrating plate of
the ultrasonic emitter appear standing waves, and from the ridges

9
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of these waves break off drops, forming a spray.

In other schemes of ultrasonic injectors a stream or film of
liquid flowing from a hole or slot 1s subjected to the action of
ultrasonic air vibrations, created by a generator.

During electrical atomization of liquids (Fig. 1) the stream
is in an electrical field. Under the action of this field on the
surface of the stream appears a certain distribution of pressures,

which deforms the stream and causes a 1l08s of stability, disintegration
and formation of drops.

Let us examine now the regions of application of different types
of atomizers.

Fig. 11. Photograph of dis-
integration of a film flowing
from a rotating disk (forma-
tion of filaments).

) GRAPHIC NOT

~ - RPuwslB
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Jet and slot injectors are used in internal combustion engines.

The necessity of a feed of liquid fuel under high pressure and the
small root angle of the spray hamper the use of these injectors in
gas turbine and jet engines. However, injectors with impinging jets
sometimes are used in liquid-fuel jet engines; these injectors also
are used in fire-fighting equipment.

Fig. 12. Photograph of dis-
integration of a film flowing
from a rotating disk (dis-
integration of film upon
overcrowding of disk).

( ERAPYIC NOT
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Swirlers are widely used in the rational economy, in contemporary
gas-turbine and liquid-fuel jet engines, different furnaces, chemical
industrial equipment, etc. The wide use of swirlers is due to the
simplicity of construction, reliability, sufficlient effectiveness
of atomization and simplicity of selecting the shape of the spray.
Furthermore, in swirlers the discharge coefficient can be easily
changed, 1.e., adjustable swirlers can be created.

Injectors with rotating atomizers (disks, drums) are used mainly
in the chemical industry for atomization of viscous liquids and
suspensions.

Gas injectors are used in both internal-combusion engines (in
carburetors and in jet engines)and different technological processes.
However, satisfactory quality of fuel atomization in an engine requires
a rather great quariity of air.

Ultrasonic atomizers are used mainly in different technological
assemblies (reactors, desiccators, etc.).

Systems of electrical atomization of liquids have also been
used in technological processes (painting by atomization, drying, etc.).

Circuit analysis of the classification of methods of the atomiza-
tion of liquids permits making the following general conclusions.

1. The flow of liquid before atomization should be converted
into forms (stream, film) which possess the greatest surface energy
and therefore are unstable and disintegrate rapidly.

2. All examined methods of the atomization of liquid are
caused by a loss of flow stabllity in streams or films due to the
appearance of unstable waves on the liquid-gas interface.
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CHAPTER II

FORM OF STREAMS AND FILMS CREATED BY ATOMIZERS

§ 1.. Jet Injectors

Jet injector nozzles are usually cylindrical, while on the side
of the nozzle entrance the edges are beveled or round to decrease
liquid breakaway from the walls. As the liquid approaches the nozzle
opening, the trajectories of the moving particles are deflected
from straight lines; in the stream appear centrifugal forces, under
whose influence it narrows, attaining the least dimension a certain
distance from the cut of the nozzle. The contraction factor of the
stream € 1s the ratio of the érea of the narrowed section of the
stream to the nozzle area.

Volumetric flow rate of the liquid Q is connected with
pressure drop on the injector Ap by the following relationship:

=gt/ By B

where Yi.__’ -p— discharge coefficlient of liquid; ¢ — coefficient

of exit velocity — relative kinetic energy losses; f — nozzle opening
p — density of liquid.

Discharge coefficient u is determined experimentally; it
depends on pressure drop Ap, on counterpressure, on temperature and
properties of liquid, and also on geometric dimensions of the nozzle.
Usually on the basis of experimental results the dependence of
discharge coefficient on the square root of the Reynolds number is
constructed (Fig. 13). The curve consists of three sections. The
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first section corresponds to streamline conditions; here the
discharge coefficient changes linearly with respect to v Re. The
second section corresponds to transition operating conditions, where

- the discharge coefficient passes through its maximum. On the third

section, referred to conditions of turbulence, the discharge
coefficient can be accepted as constant. All three sections can be
seen on the curve shown on Pig. 14, which represents the results of
determination of the discharge coefficient for nozzles having
different ratios of length of cylindrical part to nozzle diameter [7].
Figure 15 is a similar graph for nozzles of'other design [7].

Fig. 13. Change of discharge
coefficient from square root

of Reynolds number: 1 - section
of streamline conditions: 2 -
section of transition operating
conditions; 3 — section of
conditions of turbulence.

" Fig. 14. Dependence of dis-
charge coefficlent on Reynolds
. . number for different values
Fig. 13. Pig. 14, of the ratio of length of nozzle
. opening to its diameter py(2/4).
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Fig. 15. Dependence of discharge
coefficient on Reynolds number: 1 -
dependence for case of entrance face at
60°; angies b, c, and d ~ acute, £/d = 1;

2 — dependence for case of entrance face

at 60°; angle b slightly rounded, ¢ and

d - polished, 2/d = 1; ‘3 — entrance face

at 60°; angles b, ¢ and d slightly rounded,
/d = 1; o — experimental points.
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§ 2. Injector with Colliding Streams

Let us examine the problem of liquid flow obtained as a result
of the collision of two streams of inviscid and incompressible liquid
[3]. On Figure 16 are shown two streams of equal diameter a, colliding
at angle 2a. From the point of intersection 1liquid will spread
radially, forming a film lying in the plane of symmetry. Since both
streams spread symmetrically, it 1is possible to limit ouréelves to
the consideration of one stream, considering the plane of symmetry
as impenetrable (Fig. 17).

oy

Fig. 16. Diagram of collision
of streams.

We introduce system of coordinates T, ¢, and place the origin ~
of coordinates at point O, where the flow is completely stagnated.
Let us designate by v, p the velocity and density of the liquid. Let
i: assume that there are no tangential flows of liquid, i.e., that
&

At a sufficiently great distance r from the point of collision
of streams the distortion of flow lines in the film may be disregarded
and liquid pressure along the length of the film may be considered
constant and equal to the ambient pressure. Then from Bernoulli's
equation it follows that velocities in stream and film must be
identical (at constancy of ambient pressure). Let us write the
expression for liquid discharge in a sector element with angle Aé¢:

w' -WA?.

where h¢ — variable thickness of film in the examined section of a
cylindrical surface of radius r.
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From the ast relationship it follows that at constant
velocity film thickness changes with the radius by hyperbolic law.
From conditions of maintaining flaow rate and momentum we will obtain

e s S mare g m g

RERE

2 - the following relationships:
| . .
; ’ F 7 LAY
| by = - (2)
l . |
E and
4 i 2= 5 '
, ! Ay cos odp = -2 gin 2
v
A ‘ - *
. St.squ;-o. (2)

where d — stream diameter.

Using these equations we can find the law of change of film
thickness in the selected section. We will look for this law as

the particular solution of system of equations (1) and (2) in the
following form:

b= ey (3)

-y IO B SO

where hl’ n — functions of angle a which must be determined.

e o e TR

Fig. 17. Working diagram of
colliding streams.
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Substituting the value of equation (3) into equations (1) and
(2) and making the necessary transformations, we obtain

- colfa
b H-lla'c—!shuuq' (4)

where
&>
ke K
From formula (4) it follows that the film thickness in any
section of a cylindrical surface does not depend on the flow rate of
the 1iquid, but is a function of d and of the angle of collision of
streams @ = -;- —@. Film thickness will be maximum at ¢ = O:

-~ Agcost e
Aoes 1 4sinte —2sine

Relative thickness of film

) A __lisinta—2sina : (5)
R 1+ sin'a —2sinccos @

Upcn collision of two streams the film thickness, calculated by
formulas (4) or (5), is doubled. An experimental check of formula
(5), carried out in [3], showed the necessity of introducing a
correction which considers the effect of tangential flows. Taking

into account the correction, formula (5) should be written in the form

- Ltinte—2ina
;" 1 4 sin?e —2sina cos (ag) (6)

where @=cos"sa— the experimental coefficient.
Formula (6) is valid at 0 < o < 60°.

From formula (4) can be obtained the equation of film contour
in a horizontal plane. Solving equation (4) with respect to r, we
obtain the equation of an ellipse in polar coordinates:

ro= 2

. l—gcos g’
where ’ ?

.  _cwta ., 3ina
P o, l +sina’ l-l_—dn'c'
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Indeed, photographs of film (Fig. 18) show that its contour in
a horigontal plane constitutes an ellipse.
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Fig. 18. Photograph of the 1liquid film forming
upon the collision or two streams [3]: (a) angle
between streams, 50°; (b) angle between streams,
80°; flow rate of streama 7.3 m/s.

§ 3. Centrifugal Injector

As was shown in the first chepter, the film of liquid flowing
from & swirler appears due to the "twisting" of the 1liquid in the
chamber. Such a film can be especially distinctly examined by
observing the outflow of liquid at low feed pressures or in a
gaseous environment with density lower than atmospheric.

In order to obtain the equation describing the form of the
ligquid film, we will examine the condition of equilibrium of forces
acting on the film [1, 6). On Fig. 19 is represented the diagram
of a circular film element of width dx. This element rotates due to
the "twisting" of the liquid in the swirler and at a distance r from
the axis of rotation has peripheral velocity vt(r) (Fig. 20). Let us
designate by dV = rd¢s(r)dx volume of element; &(r) — width of ring
in radial direction, d¢ - angle element. On the surfaces of the
element act forces caused by surface tension and designated by P1 and
Pz. For external surf ace,:@rce ne.have '

w;li;‘;'-n;'s;-a-i-d,-m-b.'dx. 1)

Pressure determined by force P, will be

18
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For the internal surface of the element we obtain

Am——i— " (9)

Fig. 19. Diagram of liquid film Fig. 20. Circular film element.
flowing from swirler.

On an element, besldes pressures Py and Pos caused by surface
-
tension, centrifugal force ,av;; acts. The condition of equilibrium
of an element will have the form

, |
PW(r——';-)=f(deFx—MF:)» (10)

where';- 5% — acceleration in radial direc“ion. But area elements
can be written as
di".—[r+-;-6(r)]d¢dx; (11)
dF, = r—-;—a(r)]dvdx_. (12)

Substituting in equation (10) the values of Pys Pp from

expressions (8) and (9), and also the values of dF, and dF, from
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expressions (11) and (12), we obtain

From equation (13) we obtain the equation of motion of 1liquid
¥ perticles in the radial dire¢tion

-';_.ﬂb) %

r 0 '° (14)

Let us desighate by r = -[!;L'L- the mean radius of the liquid
film in the nogzle exit section. Then from the condition of
! conatancy of angular momentum we obtain

=X, (15)

P S W

where K = VeoTor Veo — peripheral velocity of liquiq inside torsion
i chamber of injector. We consider approximately that axial velocity
: of the liquid v, 1s constant and is equal to axial velocity v,, in

the nozzle exit section. Then from cgntinuity equation

'(’:—':).%o* Prrfby, o = 2078 (1) 040

we obtain the width of the film
a(f)'-—-,'f: : (16)

where 60 -~ width of film in nozzle exit section. Substituting the
values of equations (15) and (16) into (1k), we obtain

;_%‘_.__’.’_--.-,K'(-'——--L)- (17)

, where r -~ the radius, determined from the relationship corresponds
' to the condition

3 p—r J AU
’.-Vﬂﬁé-n'.y-’z: B'.w‘. (18)
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corresponds to the condition ¢ = Or = 0, i.e., equilibrium in the

radial direction ('v.-‘-‘!‘-'). The dimensionless quantity is called Weber's
criterion:

wid
Ve —=, (19)

In equation (17) acceleration ¥ = f[r(t)], but
. * ..
I-T-’r"«n (20)
and

(21)

Substituting the value of equation (21) into expression (17),
we have

After integrating expression (22) we obtain
-k [ — "
w’-zx( = ’3)4—0- (23)

Constant C 1s found from the condition vro = 0 gt r = r0

i %
c-x*(—é-+—',:-). (21)
Then
2PN L S N PR [ 2
of = ;I:K['z - d(r r.)] (25)

We will consider that the total velocity of liquild particles
v in the film 1s constant, i.e., that
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o"—of’.+v.’+'v§-eomt.~ ‘ (26)

Substituting into equation (26) the values of v, and vi from
conditions (15) and (25), we obtain

v.-[v'—on’.+l",—’-(r—r-)]""- (27)
. n
B 2 2 2
ut in the nozzle exit section Voo ™ 0 and v - Vio ™ Vxo°
Then from equation (27) we have
X by
- 4-2-—-(r—-n)]-.
[d' q (28)

Dividing the left and right sides of expression (25) by the
left and right sides of equation (28) respectively, we obtain

.‘_'___-,__,h[__..__.,__(,_,,,] [

n
-H—(r-—rdl ) (29)
or after transformations
3 n ', +"‘ -' o _.}
& > o .

. .. 0
.--?-‘-;u-—"-w T-' . (31)

U=y . (32)

and integrating equation (30), we obtain the equation of the liquid

film surface

. Re ‘dR
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where

Am2min% - !
B= H(‘-ﬂ)-wﬂ—ﬁﬂ‘
B (2
" C = — 40t

2o (| —m) .
p-mw[n-ﬁ).--;-w]. G

E-(2m‘n’+l)[—’('-:._n—;;l—2m'n’]:

F o —29¢'n%; .
- a"—.) sl
Le—m —J_—“"."" m]

The integral in formula (33) in general 1s elliptic and can be
expressed through normal elliptic integrals of the first, second
and third kinds.

To bring the integral in formula (33) to canonical form it is
necessary to find the zeros of the fourth degree polynomial under the
radical. This polynomial can be expanded in the following way:

CR'4-DRS 4 ER*+ FR+ L=
—W(R—RO(R-RJ(R—R:)(R Ra) (35)

Here

Ri;uu:>0
Ry = l+ﬂ—l'i'? >°;

. --vrrm (36)

l—u
R‘-ﬂ[l——‘-.—‘i-‘-_—;; .

To study the forms of the liquid f1lm we will examine the
behavior of the roots of polynomial (36) in the reglon of parameters
m and n. On Fig. 21 1s given the partition of the plane of param-
eters m and n into regions corresponding to different distributions

of the polynomial roots on a numerical straight line. The range
of change of parameters m and n is selected so that it embraces the
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case in which we are interested. The boundaries of these domains
are obtained as the result of solving the equations

Ry= R Rywm R Ry R Ry= R,

The case R, = R, corresponds to the origin of coordinates.
Boundary curve R2 = R3 1ies in the negative part of the plane of
parameters and therefore does not have phyaical meaning.

Let us consider forms of liquid film corresponding to the values
of parameters lying on these boundary curves for which the integral
in formula (33) degenergtes into a pseudoelliptic integral. It
turns out that only that part of the plane lying under boundary
curve Rl = Rz has physical meaning. In the part located above curve
Rl = Rz, the integral in formula (33) becomes imaginary. This occurs
because on the boundary curve R1 = R2 itself criterion W =1, 1i.e.,
the forces of inertia are bglanced by the forces of surface tension
and liquid does not flow from the nozgzle. In particular, m = ns= 1
the integral in formula (33) gives the equation of the meniscus.

w

Fig. 21. Partition of plane of parameters
m and n into reglons corresponding to 4if-
ferent distributions of the polynomial roots.

On section of curve R3 = Ru, where criterion W changes from 1
to =, the integral in formula (33) is taken in quadratures

— V=R RF ROR+ RiRs +

+ _!Lt&(&_m,;n .&;l-_ﬂ;._!&) (37)
T \ ¢ Ry— Ry
24
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Taking into account periods of the arc sine in expression (37),
we obtain periodic curves of the film contour (Fig. 22) for various
values of criterion W. The period of these curves is

Xy == (Ry+ Ri). ' (38)

The axis of abscissas on Fig. 21 corresponds to the case W = -,'
when formula (33) gives the equation of a hyperboloid of rotation:

X= -';’:7;-? = S (39)

In regions lying along both sides of curve R3 = Ru, the integral
in formula (33) is expressed through normal elliptic integrals of all
three kinds.

Let us investigate the effect of criterion W on the form of the
film, for which we will use a particular form of surface equation (37).
On Pig. 22 are depicted film contours for different values of criterion
W. The greater W is, the bigger the root angle,‘maximum radius and
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Pig. 22. Curves of film contour for different
values of criterion W.
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period of surface Xo. Knowing the film contours, one can determine
its thickness at different distances from the nozzle. From the
continuity equation we obtain the dependence of film thickness &(r)
and its radius

AN .r

-~ (40)
or in dimensionless coordinates

]
il v (4)

Using the curves shown on Pig. 23 and formula (41), it is
possible to construct the dependences of film thickness on distances
to nozzle for different values of criterion W. After a sharp drop
of 60 near the nozzle, the curve also takes a periodic character,
wherein the perlod increases as criterion W becomes larger. On
Fig. 7 are shown photographs characterizing the change of forms of
the film with an increase of the pressure drop on the injector (or
accordingly criterion W). At small values the film of liquid obtains
a "bubble" form (it bursts at the beginning of the second wave).

As criterion W increases the place where the film breaks shifts
nearer to the nozzle; then the "tulip" shape will be formed: the
film breaks up throughout the first wave. Finally, with a further
increase of criterion W the place where the film breaks comes close
to the nozzle: 1liquid will form drop fog. Comparison of forms of
f11m with theoretical data (Fig. 22) shows that the above theory
qualitatively predicts correctly the appearance and replacement of
film shapes as criterion W changes.

d 1N\ .

/ \ L/ \ /|
\V 4 x / Fig. 23. Dependence

) of dimensionless thick-

- 5 ness of film on distance
\\ /" / \\, / to nozzle.
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Along with the above theoretical works we should still note the
work of Valdenazzi {2], in which an equation of the film surface
created by a swirler also is obtained. However, this work used
the condition of static equilibrium of a film element, as a result of
which this theory could not reveal the periodic character of the
film or explain the appearance of such a film shapes as the "bubble"
and the "tulip." Further, we should note work which examines the
equilibrium of a twisted ring-shaped film taking into account
pressure drop Ap between the internal and external surfaces [6]. 1In
this case film equilibrium depends not only on Weber criterion W, but
also on Euler criterion Eu = -AQ- However, for 1liquid streams Ap 1s
insignificantly small and therefore criterion Eu need not be taken
into account.

As was shown above, during the hydraulic calculation of swirlers,
conducted to determine injector dimensions and root angle of the
spray of atomized liquid, there is no necessity to take into account
the action of surface tension forces. Considering the wide use of
swirlers in technology, the following chapters are dedicated to their
hydraulic calculation for injectors of different types.

§ 4., Injectors with Rotating Atomizers
l%otating Drums and Disks ]

As was shown earlier, in 1inlJectors with rotating atomizers the
liquid film is created by rotating a drum or disk.

T, Fig. 24. Diagram of liquid flow
' inside revolving drum.
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Let us consider the pattern of flow and formation of a film in
rotating drum inside which liquid is fed (Fig. 24). During the
study of liquid flow inside a drum Kinsey and Milborn considered that
the thickness of the layer of viscous liquid is small as compared to
the dimensions of the drum, and that the flow of liquid is
axisymmetrical. Under these assumptions the static pressure is
constant in the layer and velocity component v0 is small as compared
‘to component vE along the drum generatrix; component Vo is small
as compared to component VE' It 1s also assumed that the path of a
‘particle of liquid is linear and the particle moves along the
radius; it is considered that there is no liquid sliding relative
‘to the drum surface. Then the equation of motion takes the form

%+—'§’=-sln'9'.‘-o. (42)

Boundary conditions:

on wall(p=0) oy =0;
on free surface '('y—=',)’ (43)

--:‘—'::-..o.'.

The solution of equation (42) with boundary conditions (43) is
written in the following way:

where p — density of liquid; w — angular velocity of rotation of drum;
4 — coefficient of viscosity; 51 - value of £ on free surface.

The quantity wl is determined from condition that the overall
discharge of liquid in the layer equals the discharge of liquid Q,
fed into the drum. Then

)/ 258,003 a3
0= f"-"wcdv-“* 2npe !.:.:n (A1 .
.

Designating § = Elwl and r = El sin ¢0, we obtain

- pu'rtlising, . 4y
@ » (4

From formula (44) we obtain the thickness of the layer of liquid
film:
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= (‘;-.-”a.—..') ' (45)

The above simplifying assumptions mean that V1 << 1 or % << 1,
1
il.e.,

(—ﬂ,%ﬂ-)< 1. (46)

Earlier it was assumed that a particle of liquid moves radially
with respect to the drum. However, for a fixed observer the
trajectory of a particle constitutes a spiral whose differential
equation has the form

&L LA,
I o

The value of vE we connect with maximum peripheral velocity:

' Q-*.Vt-uo'

where 0 < k < 1 and

—r AR an)

Then differential equation (47) takes the form

—f'--As L (48)

- where

<
A=pf2e )
2ape J
After integration of equation (48) we obtain the equation of the
spiral

z=(_;.m)‘. (49)

where the constant of integration 1s taken equal to zero. From
equation (49) can be obtained the expression for the distance between
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two adjacent turns:
3
“-(5) - (e

From consideration of the last formula it may be concluded that
A§ does not depend on the angle of taper of the drum ¢0 and on g, but
is a constant from the point of liquid feed to the edge of the drum.

\ Fig. 25. Diagram of
’L;" 1 H revolving disk element.
: b

, llee

Thus, the thickness of the film of liquid formed using a
rotating drum, necessary to calculate dimensions of the drops, may
be determined by formula (50).

Let us examine the flow and formation of a film on a rotating
disk [8]. On Pig. 25 is shown the diagram of an element of a
rotating disk. Usually to prevent liquid slide with respect to the
disk, blades are placed on its surface.

We will consider that the liquid is supplied in the center of
the disk. If we disregard sliding of liquid with respect to the
disk within limits of the distance between blades, and do not
consider viscous friction, the time required for the 1liquid to move
over the periphery of the disk t can be determined from the relation-

‘ship

of = Ng = arcsinr'r,, (51)

where 6 — angular velocity of disk; Ne - number of radians passable
by a particle of liquid up to the periphery of the disk; r - radial
coordinate; Ty~ radial coordinate corresponding to the point where
the film has constant thickness.
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Equation (51) is approximate and shows that the theoretical
trajectory of a particle of 1liquid on a disk constitutes a hyperbola.

If we consider sliding and viscous friction of the 1liquid, then
for the case of laminar flow the following system of joint nonlinear
differential equations can be obtained, describing the movement
of a particle of liquid on a disk [8]:

).
-2 NE o

where Q — volumetric. flow rate of liquid; 6 — angle of rotation of
particle; u, p — viscosity and density of liquid.
&

In the absence of sliding equation (53 drops out, since 6- ow

and ——(,-— =0. If, furthermore, we disregard viscous friction, then

equation (52) is simplified and reduces to an equation whose integral
is relationship (51).

When the disk has radial blades, considering viscous friction
and disregarding sliding, 1t 1s possible to a compose differential
equation for the radial velocity.of the liquid, proceeding from
equilibrium of forces in an element (Fig. 25):

Mwwr—"b( @ ),_.dr-=mbp_‘_%r£o_=o. (54)

where m — thickness of film of liquid normal to plane of blade;
b — width of channel; y — vertical coordinate.

The velocity gradient on the liquld-blade interface in the case
of a parabolic velocity profile 1s equal to

( o ):-Ou. "V'EL“ (53)

dy
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wheres (V‘r)cp - average velocity of liquid on radius r.

Subsequently the index "cp" will be dropped, understanding by
Vr its mean value on given radius r.

Substituting the value of m from continuity'equation m = Q/bV,

into equations (55) and (54), we obtain a nonlinear differential
equation describing laminar flow of liquid along a disk with blades:

where q =~ volumetric flow rate of 1liquid in one channel.
The corresponding equation for turbulent flow can be written as:
v, -%L)+(-£—)V3-u’r-0'. (57)
where f - coefficient of friction in turbulent flow.

Equations (56) and (57) can be written in general form:

.V,ﬂg-" +4V:—"f-o. (58)

where A depends only on viscosity, properties of liquid and velocity
gradient in the liquid film. Equation (53) was solved by Marshall
(8] for different values of A and ry (where r, — radius on which
liquid is introduced onto the disk). Results of calculations are
represented on Figs. 26 and 27. The effect of ry on the radial
velocity is shown on Fig. 26. Figure 27 shows the effect of A on

%
m/s:
» Fig. 26. Change of radial velocity
along radius of rotating disk for
" different values of Ty f :
A A 25.8-10'2 s/m?;
2
.L - w -.21.6-10 1/8°.
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Fig. 27. Influence of viscosity
of liquid on radial velocity of

liquid [8]): 1 -A =0; 2 -
A= 3-10'3 a/mz; 3-A= 6-10'3 a/m2
AN 7 4 -a=10203 s/m?; 5 -

W Wrm A= 25.8.10"3 §/m2.

2
el
oAy

radial velocity.

When the radius is larger, radial velocity of the liquid can
be calculated by equation (56), which in this case turns into a
cubic equation., It may be solved approximately with help of series
expansion
] i 62

om0 e

= e aah -

where

x=r Rz =V, Vs,

The work of A. M. Lastovtsev [4] gives a more grounded derivation
of the differential equation of turbulent movement of liquid in
radial channels of a rotating atomizer disk. Equation (58) in this
case takes the form

V,-‘:—' +AV.,""—0’r-=0. (59)

while coefficient A equals 0,105235035-00
where v — kinematic vescosity of liquid; b — width of channel; q -
volumetric flow rate of liquid passing through channel.

As a result of numerical integration of equation (59) a
formula 1s obtained for calculation of the radial velocity of a
liquid Vr on exit from an atomizer with radial channels:

P ( 035 )o.c
’- - *

2% BY92,0.4251,03 (60)

where B = 0,09r3%3,03Q-08  (for round channels); B 0,105 233,015,080 -0
(for rectangular channels); ry — radius of channel: Q — volumetric
flow rate in m3/s; n — number of channels in atomizer; R — radius of
disk.
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Formula (59) was experimentally checked by Lastovtsev [4]. This
formula should be used in the determination of the dimensions of drops
of liquid atomized by a rotating disk.
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CHAPTER III

THE HYDRAULICS OF THE CENTRIFUGAL INJECTOR

§ 1. Theory of the Centrifugal
Injector for an Ideal Liquid

The basic difference between éwirlers and other injectors 1ix
that the 1liquid flowing through the swirler obtains in 1t angular
momentum with respect to the axis of the nozzle.

Liquid is fed into the injector swirl chamber along tangential
channels whose axis 1s shifted with respect to the nozzle axis (Fig.
28). In the swirl chamber liquid goes into intense rotation and
proceeds to the nozzle. Trajectories of liquid particles in the
swirl chamber can be obtained by combin;pg the drain with the

Fig. 28. Swirler.




potential vortex, and in the cylindrical part of the nozzle — the
forward flow with the potential vortex.

On leaving the injector nogzzle, the liquid particles, on which
the action of centripetal forces cease, scatter along linear
trajectories, forming a spray.

The 1iquid flow in a swirler is characterized by features caused
by the action of angular momentum of the liquid particles (with
respect to the nozzle axis). These features show up first of all in
the fact that the discharge coefficient and root angle of the spray
in the case of swirlers essentially differ from those for jet
injectors. It 1s especially important that these parameters be
regulated in a wide range depend*ng upon the relationship between
dimensions of nozzle, swirl chamber, and entrance channels.

Let us examine the simplest case — the flow of an 1deal
incompressible 1iquid 1n a swirler. The theory of a swirler for an
ideal 1iquid, based on the princlple of maximum flow rate, has been
developed by G. N. Abramovich [1, 2]. Somewhat later L. A. Klyachko
{11], G. Taylor [31] and Bammert [22] arrived at similar results.

For the flow of an ideal 1iquid the law of conservation of
momentum and the law of preservation of mechanical energy are accurate.
The angular momentum of any Jiquid particle (with respect to the axis
of the nozzle) maintains a constant value equal to the initlal
moment on entrance into the swirl chamber.

wr=V.,R, (61)

where u — tangential component of velocity in nozzle; r — distance
from axis of nozzle to particle >f liquid in nozzle; V& — velocity in
entrance channels; R — distance from axils of nozzle to particle of
liquid in entrance channels.

From an unalys.s of formula (61) 1t follows that on the approach

to the nozzle axls the tangentlal component of velocity lncreases.
However, the flow remains irrotational.!
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For an ideal incompressible liquid the law of conservation of
energy will be written in Bernoulli equation form:

p+ LW+ =, | (62)

where p — pressure in flow; p — density of 1liquid; p, — pressure of
stagnatéd flow (pressure in reservoir from which the outflow comes);
W — axlal component of veloclity in nozzle.

The action of gravity 1s disregarded, which is fully permissible
for the feed pressure used usually.

From equations (61) and (62) it follows that near the nozzle axis
of the injector (r + 0) the tangential component of flow rate should
have an infintely large positive value, and pressure — an infinitely
large negative value, which physically is impossible. In reality near
the nozzle axis velocity will increase, and pressure will drop, but
only as long as pressure does not equal atmospheric pressure or the
pressure of the medium into which the liquid is injected.

The liquid pressure cannot fall below atmospheric, since through
the nozzle the injector is connected with the atmosphere.
Consequently, the central part of the nozzle is filled not with liquid,
but with air; in this part 1s the air vortex, in which excess pressure
is zero (pm = 0).

Flow in the nozzle occurs through a ring-shaped section whose
internal radius 1s equal to the radius of the air vortex ros and whose

external radius equals nozzle radius rc.

Area of annular section
Fux(d—r)=qi, (63)

where ¢ — space factor of nozzle;

o=1——. (64)

. Q\l’\

We will find the pressure distribution over the nozzle section.
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For this we use the condition of dynamic poasibility of liquid motion
with rotational (circulatory) velocity.

Let us separate a liquid element on radius r, of thickness dr,
length df = rdé and height equal to unity (Fig. 29).

Fig. 29. Diagram of
liquid flow in swirler.

The difference of pressures on lateral surfaces of the element
should balance centrifugal force

‘dp- !.'-‘ll.
Mass of element
dm = pdldr.
According to the law of preservation of angular momentum
"= !.._.
I &
Substituting expressions for dm and u, we obtain .

¢-"t:l':l-g"o
whence, by integrating we find

p=— -%a-’. ™ -'%*~+con'st.

The constant of integration is determined from the condition that
on the boundary of the air vortex (at r = rm) excess pressure p_ = 0.
Thus, pressure distribution in the nozzle cross section is determined
by the expression

p=Fleh—ah (65)

Substituting expression (65) for pressure into equation (62), we
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conclude that the axial (forward) velocity component in the nozzle
remains constant across the flow cross section:

.'."‘P/ %"—uﬁ.-.mt. (66)

. Then the expression for volumetric flow rate of'liquid through
the nozzle can be written in the form

Q= xrlgw. (67)

Let us convert the expression for w. For this we will use the
law of conservation of momentum

o = YR

L]

expressing V, through volumetric flow rate

Va= -._3-::.

where n 1s the number of entrance channels.

Putting u, into expression (66), we obtain

-y 2ty R
* ‘/0" Sl
But from expression (67)

.-——Q_—.

Equating the right side of both expressions for w, we find

1
ity

w’ —
- LJ Py
¢ l/ A 1/2—0— ' (68)

In formula (68) A designates a dimensionless quantity — the
geometric characteristic of the injector

Rr
-——-L.
A= (69)

which plays an important role in the theory of swirlers.
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. tangential velocities in points close to the nozzle axis, which leads

From formula (68) it follows that the discharge coefficient of a
swirler 1s determined by the expression

1
‘l

’-
L (70)
f

and depends on two parameters: geometric characteristics of injector
and the nozzle space factor.

As ¢ increases, discharge coefficient u changes nonmonotonically
and passes through maximum. .

When the values of space factor are small, the area of the
useful flow cross section 1s small, and for great values of ¢ (small
radii of vortex) energy is expended on the creation of great

to small values of the axial velocity component. Thus, in both cases
the discharge coefficient is small.

As G. N. Abramovich assumed [1 2], in the swirler nozzle an air
vortex is setup of such radius with which ‘the discharge coefficient
at a given pressure takes its maximum value and just these vortex
dimensions correspond to stable flow conditions. This assumption,
which will be examined below in greater detail, obtained the name of
the principle of maximum flow rate.

Let us find the space factor corresponding to the maximum of
discharge coefficient. Differentiating. expression (70) with respect to ’
¢ and considering 1£-q we obtaln the following relationship between
space factor and geometric characteristics of the injector:

Am J‘_';!,;ﬂ (71)
A

Dependence of ¢ on A by formula (71) is represented on Fig. 30.

Putting the obtained expression in equation (70), we find the
expression for the swirler discharge coefficient:
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=V 5 (12)

. 2—9

With the help of formulas (71) and (72) it is easy to construct .

the dependence of discharge coefficient on geometric characteristics
of the injector (Fig. 30). When the geometric characteristic of the
injector changes from A = 0 to A = » the discharge coefficient
decreases from one to zero.

M
¢ « Fig. 30. Dependences of
14  discharge coefficient u,
nozzle space factor ¢ and
spray angle a on the geo-
metric characteristic of
the injector A; O and © -~
experimental points.

Qs

asé

as

a2

For round tangential channels the geometric characteristic is
determined by formula (69). When the cross section of the entrance
channels differs from a circle, and their direction 1is not
perpendicular to axis of the nozzle, it i1s easy to show that the
expression for geometric characteristic is of the form

: 'A-—fT'é‘-sina. (73)

o~

where f: — area of cross section of entrance channel; B - angle
between direction of entrance channel and axis of nozzle.

Mass flow per second of liquid through an injector with discharge

coefficient u 18 found by the formula

G =xr}pV %p,. (T4)

Before crossing to determination of the root angle of the spray,
let us note the following circumstance, which was first studied by
V. I. Skobelkin. On the nozzle section of the injector liquid -
pressure should be constant over the whole flow cross section and
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equal to ambient pressure (correction for pressure of surface tension
can be neglected as small). Consequently, in a cylindrical nozzle of

an injector occurs a transformation of excess centrifugal pressure into

impact pressure. This transformation leads to an increase of the
axial velocity component and its nonuniform distribution over the
cross section of the liquid ring: near the nozzle wall it becomes
larger than on the air vortex boundary. The radius of air vortex on
the nozzie section 1s larger than in the depth of the swirl chamber.
Actually, in the flow of incompressible liquid in a cylindrical
nozzle, the axial velocity component can increase only when the useful
cross section of flow decreases, 1.e., when the radius of the air
vortex increases.

The discharge coefficient 1s naturally not affected by the
transformation of pressure into impact pressure since the continuity
equation still holds.

As the author has shown, the distribution of axial velocity
component and radius of the air vortex in the nozzle exit section can

be found in the following way.

Since on the nozzle sectlion of the injJjector excess pressure is

equal to zero over the whole cross section, from equation (62) we have?

w‘+a'-=-’-:'—-- (75)
- According to the law of preservation of angular momentumgga'k““,
[ 4
Expressing V,, through the volumetric flow rate, we obtain
2
4-6—'?1/-,-» (76)

Substituting u into equation (75), we find the unknown
distribution of axlal velocity component on the nozzle sectlon:

. st 2

Hence it 1s clear that w increases with an increase of the
distance from the nozzle axis. The least value of w 1s on the alr
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vortex boundary, the biggest — near the nozzle wall.

The alr vertex radius on leaving the nozzle r,, 1s determined by
expressing the volumetric flow rate in the form of the integral of the
flow rate elements (on the nozzle section):

Substituting w from expression (77) and integrating, we obtain
the transcendental equation for finding r.,t

!.7vl-p'Z‘—sV‘Sl'-_¢'Z*;
;-p'A'ln 14+ YT—p'hs . (78)
. S+ Y —piAl .

where s..%? — dimensionless radius of vortex on nozzle section.
(]

The connection between y and A is determined from formulas (71)
and (72) or curve on Fig. 30.

Solving graphically equation (78), we find the dependence of the
dimensionless air vortex radius on the nozzle section on the geometric
characteristic of the injector. On Fig. 31 this dependence is shown;
in the same place is given the graph for the dimenslonless radius of
the vortex at the beginning of the nozzle. As we would have expected,
curve %f passes above curve %f, since the radius of the alr vortex at
the beginning of the nozzle is less than on the exit. Still less is
the radius of the air vortex on the rear wall of the swirl chamber.

T [ Fig. 31. Dependence of dimension-
& ) = less radius of air vortex on geo-
¢ — =t metric characteristic of injector:

//i/””’— 1 — radius of vortex on leaving
as nozzle; 2 — radius of vortex in
//’ depth of nozzle; 3 — radius of
2 vortex on rear wall of swirl
: chamber.
q?
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The spray angle is determined by the ratio of tangential and
axial velocity components. This ratio changes over the nozzle cross
section. Streams adjacent to the air vortex flow out at the grestest
angle, and those adjacent to the nozzle wall at the least angle.

Therefore the angle of the swirler spray should be characterized by a
certain mean value of the ratio -::: -

s
Let us take as mean values u and w the values of these quantities

calculated for r-&.'.t_a? .d'_'.”_Q

u-.;- é-.

From expressions (76) and (77) we find the mean values:

'f“&';'/ < P ;-]/1—3%;]/-:—;’,.

Then the expression for the tangent of half the spray angle takes
the form

] ]

S T (79)
PFigure 30 shows the dependence of the spray angle on the geometric

characteristic of the injector. If A = 0 (flow is not twisted), then
the spray angle is zero. When the geometric characteristic increases,
the spray angle increases and under an unlimited increase of A it
tends to 180°. Moreover, as was already noted, the discharge
coefficient decreases from one to zero.

In the work of L. V., Kulagin [15] a definitized formula 1is
obtained for the spray angle, considering the interaction of elemental
circular streams of liquid, flowing from the nozzle at different angles

(averaging is over the stream momentum). The formula obtained in this
work has the form

g - MAGWTWA 4 YSTAs)
2 1—S 4N S

(80)
1=+ 2% S
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Dependence of spray angle on the geometrlc characteristic of
injector by formula (80) is given on Fig. 30 by the broken curve.

As we see, the difference between values of the spray angle
obtained with calculation by formulas (79) and (80) does not exceed
h-5%.

Hydraulic parameters of the swirler (discharge coefficient and
spray angle) for an ideal liquid are simply determined by the geometric
characteristic. Consequently, the geometric characteristic 1s the
criterion of the hydraulic similarity of swirlers during a flow of
inviscid 1iquid.

To check the basic positions of swirler theory experiments were
conducted with an enlarged model (R = 15.9 mm; dc = 10.8 and 16.8 mm;
n = 1; de = 11.4 and 23 mm), having a transparent rear wall which
permitted observing the flow of liquid in the swirl chamber and
nozzle [1].

It was shown that on the axis of the ihjector is an air-filled
cavity (air vortex), one base resting against the rear wall of the
swirl chamber, and the other in contact with the atmosphere. Liquid
flow in the Injector nczzle is through a circular section between
the nozzle wall and the air vortex.

¢

The air vortex has on the rear wall of the swirl chamber minimum
diameter; as the nozzle is approached, the vortex dlameter gradually
increases. In the cylindrical part of the nozzle the dlameter of the
alr vortex 1s constant and only on leaving the nozzle does the vortex
expand, passing into the internal surface of a liquld sheet. A
diagram of the air vortex is shown on Fig. 29.

The alir vortex diameter on the rear wall of the swirl chamber
decreases because on the wall the axial veloclity component of the flow
(normal to wall) turns into zero. But since on the surface of the
alr vortex pressure is constant, from the energy equation it follows
that the smaller the axial velocity component the greater the




peripheral component and consequently, the less the radius of the air
vortex.

An enlarged injector model waec tested for four values of the
geometric characteristic: A = 0.65, A = 1,01, A = 2.64, A = 4,11
(water was fed into the injector). Corresponding experimental values
of the discharge coefflcient and spray angle are shown in Fig. 30.

As we see, for an enlarged injector model experimental data satisfec-
torily agree with theoretical data.

This theory 1is co:lirmed in tests of working swirlers.

In Table 1 are given experimental and computed values of discharge
coefficient and root angle of the spray for two swirlers of a turbojet
engine with round tangential channels (investigated on kerosene at
Ap = L4-50 kgf/cmz); the basic dimensions of atomizers of these
injectors are also given.

Table 1.

&:h h‘.-l nt‘- 1!1.- a 4 Pose |Fmeop | “sec | ¢

oP-20 [0,78] 0,01 | 1,8 g 0,76 0478} 0,50 | s3° | s6°
op-5001 1,3 | 1.1 143 jO41 | 0,36] T8 | T1°

Wz see that for these injectors calculation according to the
theory of swirlers for an ideal liquid gives satisfactory results.

However, in a number of cases essential deviations of theoretical
data from experimental data are revealed.

Before passing ta an analysis of the causes of these devlations

we will examine the physical content of the principle of maximum
flow rate, which was formulated above.
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§ 2. Principle of Maximum Flow Rate

Flow in the swirler is accompanied by the formation of a free
surface — the surface of the alr vcrtex on which is established
constant atmospheric pressure. Such flows (widespread in nature ard
technology) include the flows of trickling liquids in open channels
(flows in rivers, flumes, spillways, etc.); thelr study is the subject
of numerous works. In contrast to these flows, in which a free
surface 1s formed under the action of gravity, in the nozzle of a
swirler it is formed under the action of centrifugal force.

The motion of liquid in a cylindrical injector nozzle of constant
radius is similar to the flow of a heavy liquid along a horizontal
channel of constant depth h. For the last case N. Ye. Zhukovskiy [9]
showed that during a steady flow the flow rate cannot exceed ¢ = Viﬁ:
equal to the propagation velocity of long waves on a liquid surface.

A similar position is also valid with respect to a swirler: the
forward velocity of 1iquid in a nozzle in steady-state conditions
should equal the velocity of waves propagating along the free surface
of a 1iquid in a centrifugal force field. As will be shown below,
flow rate through an injector at a given pressure has a maximum value.

The application of such an interpretation of the principle of
maximum flow rate was first proposed by I. I. Novikov and then
developed by G. N. Abramovich and V. I. Skobelkin.

A similar approach to a foundation of the principle of maximum
flow rate is contained in the works of foreign authors [23, 24].

Following G. N. Abramovich and V. I. Skobelkin, we will prove
that at maximum flow rate the forward velocity of a flow of 1liquid in
an injector nozzle is equal to the propagation velocity of waves
along the surface of the air vortex.

First of all let us find the expression for propagation velocity
of waves on a free surface of liquid in a centrifugal force fleld.
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We will examine the pattern of liquid flow in a cylindrical
nozzle of constant radius (Fig. 32). Let us introduce a cylindrical
system of coordinates, where we direct the x-axis along the axis of
the nozzle. The radius of undisturbed surface of the air vortex is
designated by S { designates radial deviation of profile of free
surface of wave from the equilibrium position. Obviously, { is a
function of coordinate x and time t.

’ L ' l-#-ll’ i
."‘>=|-_=,... Fig. 32. Diagram of
L "é" £ 1liquid flow in a
M’\%ﬂ cylindrical nozzle.
L ‘ L) 0

Flow in the nozzle possesses axial symmetry, and therefore the

Euler equation of motion in cylindrical coo:'dinates will be written
in the following form:

L2 7 (81)
« A
& L
X it (82)

where Vr — radial component of velocity; V¢ — tangential component of
velocity; Vx — axlal component of velocity.

We assume that except for centrifugal force, other mass forceg
do not act on the 1iquid.® Centrifugal acceleration is equal to ;!
and is directed along the radius from the nozzle axis.

Let us make the following assumption about the character of the
wave process, usually made in the theory of long waves [13].

l. The radial velocity of particles changes very slowly.

Consequently, radial acceleration of particles may be disregarded,
il.e., we can set

&,
==
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2. The amplitude of oscillations of liquid particles is small
as compared to the air vortex radius and the thickness of the 1iquid
sheet in the injector nozzle,

Then equation (81) takes the form

K _1.» (83)

——Q—l-:-o.

r .0

The tangential component of velocity 1s determined from the law
of conservation of momentum

V.— !"ﬁ'o

Integrating equation (83), we 'find the dependence of pressure on

radius
®

UR,

-t YaR®

P T g tix0

where f(x, t) is an arbitrary function of x and t.

On the free boundary at r = Ty + ¢ pressure 1is constant and
equals atmospheric (p = po):

ViR?
-—-—’-.
P et

+ f(x, 0).

Calculating difference p - Pgs we obtain

eyrpef L
P—p=gVuR [v..+c)-, ~] (84)
and .
.

& " rm+ 0 D e

From expression (84) it follows that pressure distribution along
the radius is the same as in expression (65) in the absence of wave
motion. This should have been expected, since in both cases it 1is
assumed that radial acceleration is absent.

Let us turn to an analysis of equation (82). First of all it
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follows from it that acceleration in the axial direction %EL does not
depend on the radius. Consequently, uniformity of the distribution
of the axial velocity component over the cross section of the liquid
ring existing in the case of undistrubed flow in the nozzle will hold
‘even in the presence of oscillations. Thus, vx is a function only of

x and t; therefore

oy Wy Ly W
2~ w g

But the last term, as was shown in the book of N. Ye. Kochin and
others [13], may be disregarded; then

& Y
& [
Therefore equation (82) after substitution of %E from equation
(85) will take the form

LR )

Hy N &
¥ ptlr &

In force of the second assumption, disregardinz ¢ in comparison
with ros we obtain finally

Vs '..R’ .'.
=t .g. (86)

ILet us turn to a derivation of the equation of inseparability.
Let us consider the volume of liquid between two planes AB and A'B!',
perpendicular to the nozzle axis and located at distance dx from each
. other. The volume of liqulid passing during time dt through plane AB
willl be expressed as:

Wt —(ra + 204

The volume of 1liquid passing through plane A'B!' in the same
interval of time 1s:

Vet lrd — (rn + 0Ny .

The volume of 1liquid between the shown planes during the time
dt will change, consequently, by & magnitude equal to

dxdt. (87)

&
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But for an incompressible liquid this change cf volume can occur
cnly due to an increase or decrease of the level of 1liquid between
AB and A'B'. During the time dt the level changes by %%‘l and the
vo,lume of 1liquid between AB and A'B' increases by
2er, 2 dudl. (88)
Equating expressions (87) and (88), we find

X _ 1 Wl -
&

™ &
-tatd W, it v.%
¥ [ R 4 & ‘

The last term of the right side can be rejected as a magnitude
of the second order of smallness [13]. Then, disregarding { as
compared to r,e We obtain a continuity equation for the examined
case in the form

A=
Rl e (89)

We exclude from equations (86) and (89) the quantity v .  For
this we preliminarily differentiate the first equation with respect
to x, and the second with respect to t, and equate the expressions
for mixed derivative ;E?. This gives

» _VuR'(d-n) &= (90)
o Y R

As 1s known, the general solution of the obtained wave equation
has the form

Com @y (x—ct) + O (xLct),

where

VR n—ra

2 ? (91)

Expression (91) and is the unknown propagation velocity of waves
on the surface of liquid in a field of centrifugal force (¢1, °2 are
arbitrary functions).
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After the expression for propagation velocity of waves in the
injector nozzle 1s found, 1t 1s easy to show that the forward velocity
of the 1liquid at maximum flow rate coincides with the propagation
velocity of waves. Actually, from equation (67) we have

“Expressing volumetric flow rate through velocity in the entrance
channels (Qwnar? V.:), we obtain

!2’ Agr

But at maximum flow rate the space factor is connected with the
geometric characteristic by relationship {71).

Substituting this expression into the preceding formula, we
obtain

- ';;"' V '-";""'. (92)
e

Expressions (91) and (92) are identical. It follows from this
that when forward velacity of liquid and the propagation velocity of
waves are equal, the flow rate takes the maximum value.

Thus, the principle of maximum flow rate through a swirler is the
result of the equality of forward velocity of flow in nozzle and
propagation velocity of waves on the free surface of the air vortex 1in
a fleld of centrifugal force. When this equality 1s fulfilled, motion
ol the liquid in an injector will be stable.

The same condition should be the starting point when establishing
the connection between geometric characteristic and hydraulic
parameters of a swirler (space factor, discharge coefficient, spray
angle). This connection 1s expressed by formulas (71), (72), and
(79).~
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§ 3. Analxsis of Other Theories of a Centrifugal
Injector for an 1deal Liquid

Along with the above theory of a swirler, based on the principle
of maximum flow rate, in literature attempts have been made to create
theories of a swirler for an ideal liquid, in which for closing the
system of equations describing flow in an injector, assumptions other
than the principle of maximum flow rate are introduced. - '

In the work of Feifel [28], dedicated to the theory of cyclones,

the question on the carrying capacity of a cyclone in the presence of
a flow of incompressible 1liquid, which is equivalent to the problem
of flow rate of a liquid through a swirler 1is examined.

In solving the problem the author originates from the following
assumptions:

1. Radius of air vortex is constant from rear wall of swirl
chamber to cut of nozzle:

T = P = CONSE,

2. Rotational (tangential) velocity component is determined
from the relationship

"'”’.’-l/%z- (93)

3. On the nozzle section pressure across the flow cross section
is completely equal.

In these assumptions the connection of discharge coefficient and
radil of alr vortex with the geometric characteristic of the injector
is given by the expressions:

VGG ey G e

Py
M-=—,:- (95)

Comparison of the dependences of nozzle discharge coefficient
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and space factcr on the geometric characteristic of the injector,
calculated according to Feifel and according to the theory of G. N.
Abramovich, 1s represented on Fig. 33.
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Fig. 33. Dependence of u, ¢, and « on A: 1) according to G. N.
Abramovich [for o by definitized formula (79)]; 2) accarding to Ye.
Feifel; 3) according to V. V. Talakvadze; 4) according to A. M.

Y 1t
Prakhov (at ;f"; and 6 = 60°); 5) according to V. B. Tikhonov; 6)
according to M. A, Gol'dshtik and others.

As ve see, according to both theories at A = 0 y = ¢ =1 and at
A=woy=¢=(, At the same time for intermediate values of the
geometric characteristic a noticeable divergence in discharge
coefficlent 1s observed, attaining 22% at A = 0.5.

The cause of this divergence 1s the incorrectness of the first
two assumptions introduyced by Feifel.

In reality, the radius of the air vortex in the injector nozzle
is more than on the rear wall of the swirl chamber (at A = 0.5 the
ratlo of vortex radius in the nozzle to vortex radius on the rear wall

is 1.6).
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The forward velocity component of the flow of liquid in a nozzle
on the boundary of the air vortex is by no means zero, as follows
from the second assumption of Feifel, but, as was shown above, in the
initial section of the nozzle remains constant (this assumption leads
to oversized values of the spray angle).

Let us note that Lawrence [29] found the same formula for
discharge coefficient as Feifel. '

While constructing the theory of a swirler for an ideal liquid,
in a number of works the authors try to use the equation of momentum
instead of the principle of maximum flow rate.

If Ye. Zenger [30] examines only the case of a completely opened
injector (diameter of nozzle equals diameter of swirl chamber), then
in the works of A. M. Prakhov [18], V. V. Talakvadze [20] and V. B.
Tikhonov [21] the theory of an injector is developed for the general
case.

Let us analyze the results of these works, limiting ourselves
here to consideration of the flow of an ideal 1liquid [11].

Comparison of dependences of u, ¢, and o on the geometric
characteristic of an injector according to theories of G. N. Abramovich
and V. V., Talakvadze [20], represented on Fig. 33, shows that the
greatest deviation in values of discharge coefficlient and space factor

of a nozz'+ calculated according to both theories occurs at A = 0., 1If,

. according to the theory of G. N. Abramovich, at A= 0 y = ¢ = 1, then ‘
according to the theory of V. V. Talakvadze at A = 0 y = ¢ = 0.5, For
large values of the geometric characteristic this deviation decreases,
and at A > 5 1t becomes negligible.

As was noted, the work of V. V. Talakvadze uses instead of the
principle of maximum flow rate the equation of momentum, which 1is
written in the form

[ 4 "
j pidxrdr = S.Pu?=r4r+Gw.. (96)
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where Py» Pyp — excess pressure in sections I and II (Fig. 34);  fus
and s, — radius of air vortex in sections I and II; G — mass flow pcr

second of liquid through injector; Wo ~ axial component of velocity in
section II.

Fig. 34. Control surface
for the integration of
equation (90).

The control surface 1is the surface limited by planes I and II,

the surface of the air vortex and the c¢ylindrical surface with
generatrix 1-2.

Thus, equation (96) does not consider momentum, introduced by the
liquid through the cylindrical surface.

For small values of the geometric characteristic of the injector
the component of momentum cannot be disregarded, since this leads to
gross error in determination of liquid exit velocity.

Actually, we will apply the equation of momentum in the form of
equation (96) to the case of a discharge of liquid without swirling
through a nozzle from a vessel of great volume. Let us designate

pressure in the vessel Pps and outlet pressure from the nozzle Pye
Then from equation (96) we obtain

Prart = poure + Go,. (97)

Substituting

Q-puguf.
where p — density of liquid, we find

-.-]./ e (98)
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In fact, as follows from the Bernoulll equation, exit velocity
from the nozzle in this case 1s determined by the expression

W, = . (99)

Consequently, application of the equation of momentum .n the form
employed in the work of V. V. Talakvadze gives at A = 0 a value of
exit velocity’?qf smaller, and as a result, an incorrect discharge
coefficient. As the geometric characteristic increases, the error
appearing when the equation of momentum is used in the form of
equation (96), drops, since the value of the axial velocity component
in the swirl chamber of the injector decreases.

Thus, in the region of small values of the geometric
characteristic of an injector, application of the equation of momentum
in the form used by V. V. Talakvadze (20]) leads to essential error,
which explains the deviation of values of nozzle discharge coefficient
and space factor obtained in this work from real values, found by
using the principle of maximum flow rate.

A. M. Prakhov [18] during integration of the equation of momentum
used as the control surface the surface bounded by the walls of the
swirl chamber and the nozzle, the plane passing through the nozzle
section, and the surface of the alr vortex.

Such selection of the control surface in considerable degree
helped overcome difficulties appearing in the calculation of momentum
of the 1liquid flowing through this surface.

However, there appear new difficulties connected with determining
the pulse of pressure forces acting on the liquid in swirl chamber of
the injector.

Trying to overcome these difficulties, A. M. Prakhov replaces
true flow in the injector by a certain schematized flow, consisting
of rotation of the liquid around the injector axls and drain into
the nozzle. It 1s assumed that the drain of the 1liquid into the nozzle
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occurs evenly through the surface or a spherical segment.

In order to estimaete the error inserted with such a method of
determining the rate of drain, we wilil proceed similarly to the
preceding, 1.e., we will examine the outflow from a jJet injector in
which 1iquid moves through the lateral wall with angular momentum
relative to the nozzle axis equal to zero, and zero component of
momentum along this axis (Pig. 35).

Fig. 35. Liquid flow in
the nozzle of an injector;
used in the derivation of
formula (102).

The rate of drain is determirn:d from the continuity equation:
G
Pressure of liquid on the rear end wall 1s equal to P and on

the front p'—-egg-. Then the equation of momentum will be written
in the form

w1, wRipp—e(R— ) py +
o ‘ 101
i (et (;,f——-,—;,;)-:r:p.-pw:m: (101)

Substituting in equation (101) G = pwear?, we obtain after simple
transformations the expression for exit velocity of liquid:*

V [ u.u:.—o;.( R,.)] (102)

It is easy to see that when 6 > 0 and -:-:->0
(3

1
.‘_]L‘-‘.'.‘L'!’_ (l--f‘-)
. . ’z

and, consequently, calculation by A. M. Prakhov's method gives a

<2
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decreased value of exit velocity. Besides, the greater 6 is, the
greater the error in determination of exit velocity.

Thus, A. M. Prakhov's [17] proposed method of calculation leads
to essentlial errors in determination of the discharge coetficient for
a jet injector (A = 0). As the geometric characteristic of the
injector increases, naturally error drops since the value of the rate
of drain of 1iquid into nozzle decreases. In connection with this in
the region of large values of the geometriec characteristic of an
injector (A > 4) dependence u = f(A) calculated by the method of A. M.
Prakhov approaches the dependence obtained by G. N. Abramovich (see
Fig. 33).

A feature of the work of V. B. Tikhonov [21] is that the equation
of momentum 1s composed in differential form for flow of a liquid in
an injector nozzle (Fig. 36). Section I is selected where the radius
of the air vortex in the injector nozzle still has not begun to
change, and section II — at distance dx downwards along the flow.

. .
'J “I & Fig. 36. Pattern of liquid
flow in injJector nozzle.

Then the equation of momentum will be written in the form

—dP, = Gdw,, (103)

where Px — pulses per minute of pressure forces in sectlion x; Wy =
axlal component of velocity in this section.

The axial velocity component of liquid flow in an injector nozzle
can be expressed through volumetric flow rate Q and space factor of
the nozzle ¢ (see § 1, this chapter):
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and, consequently,

wir’
"""",.9,'3_ '% ' (104)

The guage pressure acting on the 1liquid in section x i1s determined
by the formula

P-%V'.R’ (T::--r%-)' (105)

vhere Va= ﬁ—- velocity in entrance (tangential) channels of

. injector.

Formula (105) is easy to obtain from equation (65), taking into
account expression (61). Integrating formula (105), we find

P, = 3‘ MFP'V.-;;[-;-(—:;—I)J-I?:_:
- Hence

-orv'..R'( b f"nf:;)- (106)

V. B. Tikhonov, assuming that in expression (106) r.~r (and,
consequently, ln:J-'-o), converts equation (103):
(4

VAR —:’;"— - Qd,. (107)

By replacing Ve, @, and T by volumetric flow rate Q and space
factor ¢, Tikhonov obtains the connection between geometric
characteristic and space factor of nozzle

A.K_.(._!L":-" - (108)

and further, substituting this expression in equation (70), he finds

pl.-' ﬁ-. (109)

The dependences of u and ¢ on A, calculated by the formulas (108)
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and (109), are represented on Fig. 33. At A =0 ¢ = 1 and u-'—l-.
i.e., liqulid fills the entire nozzle cross section and at the same
time the discharge coefficlent, in spite of the absence of energy
losses (ideal 1iquid), is less than one.

This result 1s undoubtedly erroneous and is connected with
Tikhonov's assumption that r, m=r, which for small values of the
geometric characteristic becomes absolutely unacceptable.® However,
this assumption 1s not necessary.

Let us consider, the form to which the equation of momentum will
be converted if we reject this unjustified assumption. Substituting
in equation (106) ru=r. ) T—¢ and differentiating, we obtain after
simple transformations

P, .=p=v..n’—l‘l— (110)

Then equation (103) will take the form

- .R’—“-}_‘ﬁ—-de,- (111)

Replacing dwx and y,, by thelir expressions, we obtain finally
the unknown connectlion between the geometric characteristic of the
injector A and the nozzle space factor ¢.

Comparison of the obtained formula and formula (71) shows their
full identity.

Thus, if the equatlion of momentum 1is used in the form proposed
by V. B. Tikhonov, the connection between A and ¢, obtained both with
the use of thils equatlon and on the basls of the principle of maximum
flow rate, has an absolutely identical form and consequently the
dependences of hydraulic parameters of an injector (u, ¢, and a) on
its geometric characteristic coincide.

In conclusion we will examine the work of M. A. Gol'dshtik and
others [8], in which the authors, instead of using the principle of
maximum flow rate, introduce another extreme principle, namely, the

»
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hypothesis of the minimum of the kinetic energy flow in the outlet
section of the swirl chamber (for a completely opened injector) or of
the injector nozzle.

The flow of kinetic energy has the following form:

r &"S'.({_;%_)" (112)

or taking into account formulas (61) and (67):

R i . Wn(l—¢
Tm e L
*ot Sl R S
Further, from the condition 55:-0 the connection between the
nozzle space factor and the geometric characteristic of the injector
is determined in the form

- 2 —g)
ere(l—na(i—g’ © (114)

With the help of formula (114) it 1s simple, using formula (70),
to find the dependence of discharge coefficient on the geometric
characteristic of the injector. Corresponding curves are represented
on Fig. 33.

At A=0 ¢=1and p= 7‘-’%. which, as already has been noted,
during the analysis of V. B. Tikhonov's work [21], is physically
impossible.

In the theory which they developed, the authors of work [8]
apparently allow two errors. The first error i1s that expression (113)
for the flow of kinetic energy on leaving the injector neglects the
transition of excess centrifugal pressure into impact pressure, and
the second error is that in differentiating T with respect to ¢ the
derivative was taken only of the expression in brackets, whereas
flow rate Q also depends on ¢.

In reality, on leaving the injector, if we disregard the radial
component of velocity,

-;-(u'+-')-eonst-pr.
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where pp — pressure of stagnated flow (guage feed pressure),
consequently, the flow of kinetic energy is expressed in the form

[ )
T = Qpr.

Thus, for a fixed value of p; the extremum (not minimum but
maximum) of the flow of kinetic energy depending upon ¢ coincides with
the extremum of flow rate and the hypothesis of the authors of work
[8] does not differ from the principle of maximum flow rate.

*

§ 4, Theory of a Swirler for
a Real (Viscous) Liquid

As has already been indicated, the basic difference of swirlers
from injectors of other types 1s that liquid flowing through the
Injector possesses angular momentum with respect to the nozzle axis.
Just this influence of angular momentum of liquid particles conditions
the appearance of a number of features in the operation of a
swirler: formation of an alr vortex, smell discharge coefficient and
large spray angle.

In the case of an i1deal 1liquid the moment of external forces
acting on the 1liquid in the swirl chamber 1s equal to zero and the
flow obeys the law of conservation of momentum. Approaching the
nozzle axis, the peripheral component of veloclity increases in
inverse proportion to the radius.

Due to viscosity of the liquid on the wall there appear frictional
forces directed against the flow veloclity. The moment of forces of
frictlion causes angular momentum to decrease, which on the nozzle
entrance turns out .to be smaller than on the swirl chamber entrance.
Moreover the radius of the alr vortex decreases, the discharge
coefficlient increases and the spray angle decreases.

Thus, 1n a swirler friction on the swirl chamber wall leads to
a somewhat unexpected result: the flow rate of real liquid through
the injector exceeds the flow rate of an 1deal 1liquid.

Let us examine the flow of real liquld in a swirl chamber of
constant helight.
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We break down flow velocity V in the swirl chamber into
tangential Vu and radial Vln components (Fig. 37). Let us separate a
liquid’element of height §, equal to the height of the swirl chamber,

Pig. 37. Breakdown of the
velocity of a flow of liquiad
in the swirl chamber into
components.

length dt and width da. The mass of this element
. @-Ma
and the angular momentum

M =V dm.

On the lateral surface of the element touching the walls of the
3 chamber (df = 2dlda), acts frictional force

0.-"q.
where T stress of friction on wall, expressed through coefficient
of friction A and velocity head
i
Moment of frictional force
N o — X ¥ ritda.
The change of angular momentum is equal to the moment of external
force
-F“;."-—;Q—t-w.

Substituting the expression for M' and N' and noticing that
%-—V.. we obtain

./ .
VY -— (115)
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Let us designate the angular momentum of a volume unit of liquid
by M (1iquid is considered incompressible):

M-.plv.. (116)

Expressing from the continuity equation V, through volumetric flow
rate Q . 3

v"'igi' (117)

and substituting Ve }/V,’,+V,’,,, we obtain the differential equation
determining change of angular mometum in the swirl chamber during a
flow of viscous liquid:

Tt .; e “.

MY My @

(118)

where

O--i%—.

Integrating the left side of equation (118) within 1limits from
M0 to M and the right side within limits from R to r,, We find

- o+ Vui+e)
wO+Virio)

Solving this equation with respect to M, we obtain

3
J _-"6' (R_'c)‘

M L] '
—-‘——-— L
ﬁuﬂ‘/_?_“ (119)
where
A
C= g R—r)- (120)

From an analysis of this expression it follows that under the
influence of friction angular momentum decreases as the nozzle is
approached.

At A = 0 (ideal 1liquid) we obtain the law of conservation of
nomentum (M = MO).

',

We will consider that the height of the swirl chamber is equal to
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the diameter of the inlet (p=2r,), the number of entraaae openings 1s
n and the swirling arm 1is R.

Since the initial angular momentum (when liquid enters the swirl
chamber)

“.-W«R--_g-. (121) ‘
[ §

then expression (119) takes the form

where

(123)

Formula (122) can be essentially simplified if we expand shf and
ch in series and reject all terms except the first, i.e., assume that
shg = §, ch§ = 1. Then

148 u-;"l.;.; (124)

The relative error allowed here does not exceed 3%, 1f B < 16 and
A <0.2, 1,e., the range embracing all practically encountered values
of B and A, Usually this error is a fraction of a percent.

When -:—> 1. it is possible to disregard one as compared to 16 %,. .
and then formula (124) appears as
M= L. T
|+-:-(%..4) (125)

The error inserted here does not exceed 1¥%.
Thus, relative error during calculation of angular momentum by
formula (125) does not exceed 4% as compared to results of calculation

by exact formula (122), 4if -,:->x.0_< 16 and A < 02

It is simple to show that when -:— <i, then if formula (124) is
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replaced by formula (125) error also i1s small and does not exceed
1-2% 1f n < 6 (a greater number of entrahce channels is not used for
practical purposes).

This analysls shows that in injector theory for real 1liquid
formula (125) i1s sufficliently accurate. Angular momentum, according
to this formula, decreases as the coefficlent of friction A and the
complex %}-—A increase.

We note that formula (125) can be obtained directly from equation

(118), 1f we disregard in it 62 as compared to M° or, which 1s the
same, V; as compared to Vi.

Friction of 1liquid on the swirl chamber wall causes, besides a
decrease of.angular momentum, also losses of energy.

-’

On element of liquid dm (Fig. 37) acts force dFmp. The work
of this force on path ds will be

dA = dF . ds.

Then the loss of energy for a volume unit of.liquid willl be
written in the form '

' A
= ——pV2ds.
dE = - pv?
But ds is easily expressed through dr:

- v
a- .'VT#.
Substituting v, from equation (117), we will obtain the
differential equation for determination of energy losses in the swirl
chamber:

An

To simplify formulas during integration of this equation, we will

disregard Vﬁ as compared to V2

u’ inen’ let us assume v~v‘-

The current value of vy, from the expression similar to expression
(125) 1s easy to represent in the form
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- an injector.

[n+—(-——-——-’)] (127)

Substituting in equation (126), we obtain

a-% W_;r', (128)

where

.'.;g....;..e_-'_nqn.,‘

‘The full loss of energy in the swirl chamber is

“'”‘:’T':-T (129)
Taking the integral, we find after simple transformations:
-2 (130)
ﬁﬁﬂ‘

where

EYTHEL P 7R TR
+imesie),

| . (131)
e=tide '
c--s-' [l
N ) . i

The possibility of the above consideration of flow of a viscous
1iquid in a hydraulic formulation of the problem finds substantiation
in the work of G. Taylor [32], which shows that the main part of the
liquid is in the boundary layer. Let us note that Taylor also arrives
at a conclusion about the increase of the discharge coefficilent and
the decrease of the spray angle for viscous liquid as compared to
ideal. '

Let us use obtained formulas for the calculation of discharge
coefficient and spray angle during the flow of viscous liquid through

1
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Due to friction on the swirl chamber wall, angular momentum and
total pressure nn the nozzle entrance of the injector is less than the
1“1'11’11.

But in the section of the nozzle (between r. and rm) the laws of
conservation of momentum and energy hold.
@
As before designating, through u the peripheral velocity component
in the entrance section of the nozzle, we have from expression (125)
taking into account expression (121):

..:- uy},[] +-§-q(-4:-'-..4)] ) (132)

On the air vortex boundary gauge pressure 1is equal to zero.
Therefore the equation of energy is written in the form

n-Ae+-§~".u:+a*). (133)

Now, repeating the computations made in § 1 of this chapter in
the derivation of the discharge coefficient formula we find that for
a viscous liquid

1
A= ’i{"‘?""
V‘-—_—i‘{""T"l‘A | (13")
where
A= A. .
Al B
l-l--’—(-.——l). (135)

In order to find the connection between ¢ and Ay, we use the
principle of maximum flow rate, valid also for a viscous liquid.*

Then we obtain (A does not depend on ¢):

A.-ﬂ-"L!V;L’-’-. (136)

Thus, the functional connection between ¢ and Ay remains the
same as and between ¢ and A.
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Consequently, the discharge coefflcient formula taking into
account friction differs from the corresponding formula for an ideal
liquid by the replacement of A by Ap and the appearance of the term A.

As more detailed analysis shows, energy losses from friction on
the swyirl chamber wall are relatively small and in engineering
caloulations they may be disregarded, which leads to essentlal
simplification of formulas for discharge coefficient and spray argle..

If we take approximately A = 0, then formula (134) will take
the form

L 1
‘/T:_'_.,._'.'. (137)

Formula (137) differs from the corresponding formula for ideal liquid
only by the replacement of A by Ag.’ Hence it 1s clear that for
determination of the discharge coefficient and in the case of real
liquid, it is possible to use the curve given on Fig. 30, plotting
along the x-axis instead of A the value of A.

The quantity Ay, replacing for viscous liquid the geometric
characteristic, we shall call the equivalent characteristic of the
injector.

In the case of entrance channels of noncircular cross section
and not perpendicular to fthe nozzle axis it 13 easy to show that the
formula for the equivalent characteristic of an injector acquires the
form

.. -, ) ‘
“ l+‘-:.-(—:lsm-a). ' (138)

where A is determined by formula (73); 'F,ﬂ'(’u is the area of the
( ]

entrance channel); 8 — angle of inclination of entrance channel to

axis of nozzle.

From analysis of expression (135) or (138) it follows that the
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equivalent characteristic is less than the geometric.® But since as

A decreases the discharge coefficient 1ncréaaes, we arrive at an _
important conclusion that during the transition for ideal 1liquid to :
viscous 1iquid the discharge coefficient of the swirler increases,

and increases more strongly the greater the ‘coefficient of friction
and the complex -;-—A

Comparing expréssions (125) and (135), we see that

A M
A &°

The ratio of the equivalent characteristic to the geometric-equals
the ratio of angular momentum of the liquid in front of the nozzle to
angular momentum on the entrance to the swirl chamber. The equivalent
characteristic reflects thus the decrease of angular momentum in the
swirl chamber. '

If we disregard energy losses it 1s easy to show that the formula
for determination of the spray angle for a flow of viscous liquid has
the same form as for an ideal liquid, differing only by the fact that
in it the geometric characteristic of the injector is replaced by its
equivalent expression, 1i.e.,

g2 - 3k

=T .

Consequently, for a viscous liquid the root angle of the spray
also is determined by the curve shown on Fig. 63, with the only
difference that the values of the equivalent characteristic must be
plotted along the x-axis.

Since the equivalent characteristic is less than the geometric,
the spray angle for a viscous liquid is less than for an ideal liquid. .

Thus, the hydraulic parameters of a swirler during a flow of
viscous liquid are determined by the equivalent characteristic.

Let us investigate how the equivalent characteristic of an
injector changes as the swirl arm and the diameter of entrance channels
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are changed. The nozzle radius is considered constant (usually during
caloulations of an injector flow rate, feed pressure and spray angle
are given; with these data the nozzle radius is determined simply).

.ﬂat us write the expression of the equivalent characteristic in

"the form

A B
2 .
ot g RR—1) (140)

We will examine twa special cases: first — R increases without
limit for constant Pos faas D and A and second — fe tends to zero at
constant r,, R, n, and A.

In both cases the geometric characteristic of the injector
increases ad infinitum, which for an ideal liquid leads to a decrease
of the discharge coefficlient to zero and increase of the spray angle
to 180°. Por a real liquid the position is significantly changed.
During a monotonic increase of the swirl chamber the equivalent
characteristic, as can be seen from consideration of formula (140),
at first increases, and then, passing through maximum, decreases and
when R + = tends to zZero. Ap has maximum at the following value of

R:
p -r“]/ .—a{-...

Placihg.R' in expression (140), we find the maximum equivalent
characteristic:

',,‘/.'_7_ D]/—- ' (141) |

- ML/E

D=t
fes

where

In the second case when the diameter of ehtrance channels is
decreased, the equivalent characteristic monotonically increases, but
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remains bounded, and when re + 0 approaches the value
¥ 3
bl vt v ; (“??.
where

Cal
(]

Consequently, for a real 1iquid when the geometric characteristic
increases infinitely, the equivalent characteristic remains finite.
The maximum value of the equivalent characteristic depends on how the.
geometric characteristic increases: due to growth of the swirl arm
or due to a decrease of the diameter of entrance channels. '

A unique "viscous barrier" is obtained: for a real liquid as
the geometric characteristic increases the discharge coefficient
cannot become smaller, nor the spray angle greater than certain

values of u* and a®*, corresponding to the maximum equivalent
characteristic of the injector. '

When for a viscous 1liquid it 1s necessary to obtain small values
of the discharge coefficient (large values of spray angle), one should

select the geometric dimensions of the injector atomizer such that the
influence of friction is minimum. '

From an analysis of expression (140), it 1s clear that when the
swirl arm equals the nozzle radius (R = rc), the equivalent

characteristic is equal to the geometric at any A ("path of friction"
is reduced to zero). Moreover,

g

A.-"'.—o

Ve

By decreasing the radius of the entrance channels, arbitrarily

large values of Ag can be obtained, and thus the "viscous barrier" can
be overcome.

If for an ideal liquid the hydraulic parameters of the injector
are determined by the geometric characteristic, then for a real liguid
they depend on two dimensionless geometric criteria A= 5’.;. and fw 2

7 s
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and on the coefficient of friction, i.e., on viscosity of the liquid
and conditions of flow.

On Fig. 38 are given the dependences of the ratio of experimental
values of discharge coefficient p. to those calculated according to
the theory of an injector for an ideal liquid g, from pressure
(during tests for kerosene) for injectors with approximately identical

" values of geometric charagteristic A and various values of

characteristic B. The diagram of the experimental injectors 1is
depicted on Fig. 39. Injectors have one tangential channel of round

cross section; height of the swirl chamber is equal to the diameter of
the entrance channel.

Fig. 28. Dependence of
relative discharge co-

y efficient on feed pressure

for injectors with differ-

” ent values of B: 1 —A =

e = 5,11, B=3,29; 2 —-A =

- u0399 B = u-39; 3 - A=

& = 4,62, B=5.28; 4 —A =

: = 4,58, B=6.88; 5-A=

¥ > ,..,& = 4 46, B=9,16; 6 — A =

: = 4,36, B = 14.75.

".
v

- . e
: .—_._B Fig. 39. Diagram of
experimental injectors.
'-
§/

As we see, with an increase of characteristic B (and consequently,
of the complex -‘-'- — 4) the ratio ;h;' increases and for large values of

B considerably excoeda one (for an ideal liquid this ratio should
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rsqual one indeperdently of B). Furthermore, it 1s showr that the
discharge coefficient decreases as pressure érows, which testifies
to the dependence of the coefficlent of friction on the flow rate of
fuel through the injector.

Since the coefficlent of friction depends on viscosity, then the
hydraulic parameters of the injector also depend on fuel viscosity:
the more the viscosity, the greater the discharge coefficient and the
less the spray angle. Curves on Fig. 40, showing the dependence of
':: on pressure for one of the experimental injectors during tests
for gasoline, kerosene and turbine oil (corresponding values of
coefficient of kinematic viscosity are 0.83-10'6, 2.2-10'6 and

218.9-10'6 mz/s), confirm this conclusion.

' Fig. 40. Dependence of
relative discharge co-
d efficlient on pressure
hk“ - for various liquids (A =
el = 2,42, B=5,04); 1~

gasoline; 2 — kerosene;
3 — turbine oll.

“‘ F 0 g xer/om?

For turbine 01l even at small values of characteristic B the
discharge coefflclent essentially exceeds Mue.

A certaln distinction in the character of the curve for turbine
0oil 1s explained, as experiments show, by a sharp decrease of the
hydraulic discharge coefficlient of the nozzle, 1.e., the discharge
coefficient of the nozzle when the flow through it undergoes no
twisting (at small values of Re number).

As was shown, for real liquid hydraulic parameters of the injector
depend on the equivalent characteristic, calculation of which requires,
besides geometric data for the atomizer, knowledge of the coefficient
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of friction. By determining by experimental values the discharge
coefficient corresponding to the equivalent characteristic, the law
of friction in a swirler can be found.

The dependence of the coefficient of friction on Re number,
depicted on Fig. U1 in logarithmic coordinates, is obtained as a
result of tests for gasoline, kerosene and turbine oll of experimental
injectors whose height of the swirl chamber equals the diameter of

the entrance channel (Fig. 39). Geometric characteristic A changed

within 1imits from 1.13 to 7.74, and characteristic B went from 3.11
to 15.0.

le .
” i
2l =
‘. ] [ ] -
. [
4
a “. ....'. ®
“ S ] <
N ° 'o:: i .{.
? o] ¢ YO
o < 1 e ° o .o'
° \.~.. ‘. .a
f I I O VoA g

Fig. 41. Dependence of coefficient of
friction on Reynolds number: 1 — aver-
age curve; 2 — according to the Blaslus
"law; 3 — according to Poisellle law;

O - gasoline; ® — kerosene; A — turbine
oil.

In spite of the great spread of points, it is distinctly clear
that as the Re number grows, the coefficient of friction decreases.
Experimental points for gasoline, kerosene and turbine oil are well
packed in one band. This confirms that for the flow in a swirler the
Re number is a characteristic oriterion.

The scattering of points is caused by the difference in the
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hydraulic discharge coefficient for separate injectors (in connection
with inaccuracy of manufacture of inlet edges of nozzle).

Re number for a swirler is determined by conditions on the swirl
chamber entrance: '
Rewm Yot
v
Moreover, as the characteristic dimension the diameter of the
hole, whose area is equal to the total arza of entrance channels is
selected, i.e.,

.‘-m‘u
where d,, — dlameter of entrance channel.
Expressing Ve according to the continuilty equation through mass

flow rate G, we obtain the calculation formula for determination of
the Re number:

40
ke oVl (143)

With such a selection of the characteristic dimension, the change
of the number of entrance channels (with constant total area) does
not influence the value of the Re number.

The curve represented accurately by the equation (in the interval
10<Re<10%)

) %.8 .
A = GgRe)- =k (144)

is averaged over experimental points.
On Fig. 41 the straight lines expressing the law of friction for
flow in smooth pipes during laminar and turbulent conditions are

plotted for comparison. As we see, the coefficient of friction in
swirlers considerably exceeds that in smooth pipes.

The last circumstance 1s connected with the fact that in a
swirler the boundary layer will be formed under conditions of a large
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transverse pressure gradient, causing the appearance of transverse
(radial) currents in the boundary layer directed from a region with
small values of peripheral velocity (on periphery of swirl chamberi
to a region with great peripheral velocity (near nozzle).?

After the dependence of the coefficient of friction on Re number
is established, calculation of the hydraulic parameters of a swirler
for real 1liquid does not present difficulties and reduces to
determination of the equivalent characteristic and -~ in more precise
calculations - losses of energy,

For a real liquid, as was already noted, the monotonic increase
of the geometric characteristic of an injector does not always
correspond to the monotonic decrease of the discharge coefficient and
growth of the spray angle, as is encountered in the case of an 1ldeal
liquid. Under certain conditions in the case of a -eal 1liquid the
phenomenon of the "viscous barrier" shows up.

. On Pig. 42 are given experimental values of the discharge
coefficient and spray angle for injectors with different geometric
characteristic. All injectors have an identical nozzle of dilameter
d = 1.2]1 mm with conical entrance and two tangential square channels

c
1.01 x 1.01 mm.

The geometric characteristic is changed by increasing the swirl
arm within 1limits from R = 0 (when fuel 18 fed without swirling) to
R = 15 mm. Accordingly the geometric characteristic changes within
limits from A = 0 to A = 14.0.

Experimental points are obtained for Reynolds number Re= G.10°
(on kerosene).

As we see, when the geometric characteristic grows, the discharge
coefficient at first decreases and then increases, as follows from the
theory of an injector for viscous liquid. The spray angle, conversely,
at first increases and then, passing through maximum, decreases.

Curves for an ideal liquid are drawn as thin lines.!’®
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Thus, obtaining for a real 1iquid small values of the discharge
coefficient (large values of spray angle) presents specific difficulties,
which are overcome by neglecting the dimensions of the injector
atomizer such that the influence of friction on the swirl chamber wall
is minimized. '

Let us note that at A = 0 (flow without swirling) the experimental
ralue of the discharge coefficient is less than one, and the spray
angle is more than zero, whereas according to the theory of an
injector at A= 0 y =1 and a = 0. The fact is that theory does not
consider either the difference of the hydraullc discharge coefficient
of the nozzle from one, or the expansion of the spray, which was
observed in the case of jet injectors.

Examples of the starting and main jets of a gas turbine engine,
whosz hydraulic parameters are essentially influenced by fuel
viscosity, are given in Table 2. We see that if the value of the
experimentally measured discharge coefficient pwe considerably exceeds
the computed value for an ideal liquid pee. then the computed value for
a real liquigd up is close to pege.

To check the above theory of a swirler for a real liquid the
experimental data given in works of Doble [25, 26] were used. Injectors
with a varying number of inlets (from one to four) of round or
rectangular shape were tested. Below data on injectors with round
inlets are used, for the characteristic C-%>2.5‘ and length of
entrance channels exceed one callbration. The working fluid was water.
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Table 2.

i | ! 1|3
Injestors 'R ! g§14
— < !‘ 5 el & < [&l= J }l}ﬂé
ot i OJIfJ' 6 2lee |9, |1mfz. 1.9 0,
TRt S .
LI o QJBFJB ses| 1|90 hmzkmclz[ 2.8 | 0,97
injechor F0»3
mgg of |.nﬁ.sl1z.ao :Pw 9.5 ls,1|85]1.62] 1,02
injector FR=3

Notee Ggo 1s the mass flow rate at p., =2 w/cuz (for kerosene).

Tests were conducted with a pressure in front of the injector from
2.1 to 4.9 kgr/cmz. Parameters of injectors were changed within
limits of OBCACI; IO BCI120 (results of tests on 75 injectors

were treated).

Results of the treatment are represented on Fig. 43. We see
that for large values of the complex {-—A calculation according to
the theory for ideal liquid gives sharply decreased values of the

};[

{s

u <

Fig. 43. Dependence of

the complex %'--A o] .

’I~‘
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discharge coefficient, whereas up is close to Kes throughout the

range of change of the complex {?'-A.

Experimental confirmation of the theory for real liquid is
contained also in the work of L. V. Kulagin [15], which gives results
of measurement of the spray angle during tests ¢f a number of swirlers
on diesel fuel (08<A<70; 5<pr< 55 kgf/cm®). .On the basis of
nume:ous experiments L. V. Kulagin [15] concludes that the root angle
of the spray 1s simply determined by the value of the equivalent
characteristic of the injector irrespective of the dependence on
change of the quantitles in it.

Calculation of the influence of friction is essentially valuable
for injectors having a large complex Ly (large swirl arm, small
diameter of entrance channels) when th; Re number is small (low flow
rates, viscous liquid).

Such conditions are realized in the operation of starting Jjets
and the first stages of adjustable injectors in a gas turbine engine.

At the same time in certain cases the influence of 1liquid
viscosity on hydraulic parameters of a swirler is insignificant.

Let us determine analytically the conditions with which we can
calculate the discharge coefficient and the spray angle, disregarding
the influence of friction, according to the theory of an injector for
an 1deal 1iquid.

For an ideal 1iquid hydraulic psarameters of the injector are
determined by the geometric characteristic, and for a viscous liquid
— by the equivalent characteristic where the form of the functional
dependence in both cases 1s 1identical.

Dependence of the discharge coefficient on A (correspondingly on
Ag) can be approximated by the expression

p=RAT" (145)
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(in the interval 0. A7, k=044 and mm065; at A>75 up to
Am@Qk=087 and m =0905) .

Then the ratio of the discharge coefficlient, calculated taking
into account friction "p’ to the discharge coefficient for an ideal
1iquid pes 18 written in the form

e G (SN e

Hence 1t 1s distinectly clear that the smaller the complex &= —4
and the smaller A (i.e., the greater the Re number) then the nea.rer.
“p is to pe and, consequently, the greater the accuracy with which 1t
i1s possible to calculate according to the theory of an injector for
an ldeal liquid.

From formula (146) we have
'
» 4 ' 3
’."‘"T[(‘f.':) "']-_ (147)

Assigning accuracy of calculation of the discharge coefficient,
we obtain from expression (147) the conditions under which calculation
of the hydraulic parameters of an injector 1s possible according to
the theory of an injector for ideal 1liquid.

In the interval O, <A 75 m = 067 and formula (147) will take
the form

{1_4.._;.[(.3‘.)'- _.], (148)

Let us assume that, for example, the required accuracy of
calculation 1s 10%, i.e., 22 =11, and let us assume that A = 0.05
(Re = 10,000). Then from formula (148) we find that -:l —A<62 the
injector can be calculated with the indicated degree of accuracy,
disregarding friction of 1liquid on the wall of the swirl chamber.

If u exceeds pys by not more than 10-15%, there 18 no necessity to
conslider a correction for the effect of friction, since there always
causes leading to a decrease of the discharge coefficlent.
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In contrast to the above theory of a swirler for a real liquid:;
a number of researchers [3, 4, 27) have considered empirically the
effect of friction on the swirl chamber wall.

Doumas and Laster [27], studying the flow of water in swirlers, |

introduce instead of the geometric characteristic the quantity
o.s
Y e

on which hydraulic parameters depend Just as on A in the theory of
G. N, Abramovich [2].

More Jjustifiably they approach the generalization of experimental
data of A. G. Blokh and Ye. S. Kichkin [3, 4], who investigated the
atomization of 1liquids with different physical properties (water,
aqueous solutions of glycerine, gas, oil, and kerosene) by swirlers
with two tangential channels. Parameters were changed in the following
limits: coefficient of dyna.mic viscosity n=1:10-¢—29-10- kgf- s/m "
density p=820—-1190 kg/m gauge pressure py = 5-30 at, A = 1, 72-9, 51,
ratio of dilameter of swirl chamber to diameter of nozzle 2‘:‘ -322--10,
Reynolds number Re = ]. IO'-” 104

Reynolds number was determined by conditions of flow in nozzle of
injector Re = %% (where 0.-55 ).
v e

A. G. Blokh and Ye. S. Kichkin generalized results of their
experiments for Re number 16:10 by the formula

n= 1200 (22) R, (149)

In the region 16-10'<Re<25:10' the discharge coefficient 1s
expressed by the formula

D, \**
r=ra( ) (150)
and does not depend on the Reynolds number.

In spite of the fact that formulas (149) and (150) in a number
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of cases will agree well with experimental Jdaita, they contain the
inherent deficiencies of any purely empirical formulas. Thus, for
example, it follows from them that as the diameter of the swirl
chamber increases, the discharge coefficient continuously decreases,

whereas in reality i, attaining minimum value, increases as Dy grows
("viscous barrier").

$ 5. fluence of Structural Factors on the
raullcs of a Centr a ector
The preceding section examined an injector whose height of the
swirl chamber was equal to the diameter of the entrance hole,

Theoretical propositions referred to these injectors are accurate also

when the height of the swirl chamber insignificantly exceeds the
diameter of the entrance channel,!?!

Thus, for example, in experiments of Doumas and Laster [27] when
%a changed from 0,66 to 1.67 (Ly — length, Dy ~ diameter of swirl
chamber) the flow rate of 1iquid through the injector remained
praetically constant.

If the height of the swirl chamber considerably exceeds the
diameter of the entrance channel, this theory can no longer be used,
since there appear new circumstances which considerably complicate
the phenomenon, In the swirl chamber 1liquid-filled cavities will be
formed which, as a result of interaction with the main flow go into
rotary=-circulatory motion. Angular momentum of the main active flow
decreases more strongly the greater the height of the swirl chamber,
Therefore as the height of the chamber increases, the discharge
coefficient increases, and the spray angle decreases,

Thus, when the height of the swirl chamber is great, the
hydrsulic parameters of the injector for real 1liquid (saven for a small
velue of the complex %}-—4 ) essentially differ from the hydraulic
parageters for ideal liquid.

Attempts known in literature to theoretically analyze the effect
of chamber length of an injector on its hydraulic parameters have not
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been convincing, so that this question still awaits exhausting
irvestigation.

In the cylindrical part of the injector nozzle friction of liquid
moving along helical trajectories on the nozzle wall leads to a further
drop of angular momentum and, as a result, to a decrease of the spray'
angle as the nozzle length becomes greater. | )

As was already noted, the discharge coefficient is determined by
conditions in the entrance section of the cylindrical part of the
10zzle and therefore does not depend on its length.

On Fig. 44 are represented the dependences of the root angle of
the spray and the discharge coefficient on nozzle length expressed in
gauges, for experimental injectors with constant value of
characteristics A~445 Bm~444 during tests for kerosene. As the

k |
Fig. 44, Dependence of
P ond 2% on relative
»od [N
'3=L<; length of nozzle.
M T
¢ N ]

7

nozzle length increases the root angle of the spray decreases, whereas
the discharge coefficient is practically independent of the nozzle

length.,

Friction of liquid on the nozzle wall for a given length has an
effect which is stronger the larger the ratio of the circumferential
velnecity rcomponent to the axial (on entrance into nozzle), i.e., the
greater the cquivalent characteristic of the injector and the greater
the coefficient of friction (small Re numbers). In the case of
injectors with large values of the equivalent characteristic when Re
numbers are small, even a small lengthening of the cylindrical part
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of the nozzle leads to a noticeable decrease of the root angle of the
spray. In injectors having a long cylindrical part of the nozzle the
one-to-one correspondence between discharge coefficient and spray
angle is disturbed.

The hydraulic discharge coefficient of the nozzle,2 as 18 known,
strongly depénds on the shape of the nozzle entrance. It is always
smaller than one basically due to the narrowing of the stream in the
nozzle (cross section of stream is less than the cross section of the
nozzle),

When a swirling flow travels through a nozzle, under the action
of centrifugal forces liquid is thrown against the walls, so that the
affect of stream narrowinglis weakened, However, even in this case in
the flow around sharp edges the separation of flow from wall is
inevitable (otherwise there would have had to be infinitely large
acceleration, which physically is impossible).

On Fig. 45 are represented sketches of nozzles with various
angles of entrance cone, Tests of nozzles conducted by S, A, Kosberg
showed that the smaller the cone angle on the entrance into the nozzle,
the bigger the discharge coefficient,!® The curve shown in Fig, 45

emteiaie e e e+ e e @i e i e % e oy o S OBt e

Lo W » 129 140 ¥
Fig. 45. Dependence of relative
discharge coefficient on angle of
cone on entrance into nozzle.

3

e \ Noe nossle (Pig. 45)
osters 1 ] 3 4 ] ]
. |19 » (] " 30 1)

Ainm] 3,08 3.7 3.6 4,0 7.0 19.0
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depicts the change of the ratio {EE depending upon the cone angle. -
Such character of the curve is explained on the one hand by a weakening
of the effect of stream narrowing in the nozzle as the cone angle
decreases on the nozzle entrance, and on the other hand by the increase:
of the moistened nozzle surface which causes an additional decrease of
the angular momentum of liquid particles in the entrance section of

the cylindrical part. A decrease of the angular momentum, as was

shown above, is connected with growth of the discharge coefficient.

It 18 necessary, of course, to consider that at ¥y = O the discharge
‘oefficient has the same value a8 at ¥y = 180°, i.e., in the interval
I 18 the curve passes through maximum,

Let us consider more specifically the conditions of flow on the
swirl chamber entrance of the inJjector.

Above it was assumed that liquid flow in the entrance channels
sakes & direction coinciding with the axis or the channel. However,
for the flow to take the direction of the channel, a certain channel
length is required. If the channel length is insufficient, the flow
cannot assume the assigned direction and is deflected to the axis of
the swirl chamber, as is schematically shown on Fig. 46. The initial
angular momentum of the liquid on chamber entrance turns out to be
less than expected, which involves an increase of the discharge
coefficient and a decrease of the root angle of the spray. Naturally,
the value is not the absolute length of the entrance channel, but the
ratio of the length of the channel to its diameter or, in the case of
rectangular channels, to its width,

On Fig. 47 is shown the change of relative discharge coefficient
and root angle of spray depending upon length of entrance (tangential)
channels., If the channel length exceeds two calibrations, the
hydraulic parameters of the injector remain constant. If, however,
the channel length is less than two calibrations, then a growth of
the discharge coefficient and a decrease of the root angle of the
spray are observed.
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Fig. 46, Diagram of liquid
flow in entrance channels:

a) flow assumes direction of
channel; b) flow is deflected
to0 swirl chamber axis.

Fig. 47. Dependence of
U e and 3 on relative
Poo [
:‘ length of entrance channels.
wCAREEE
ol
)

¢ 1 2 3 ¢ a:
Consequently, for the flow to take a tangential direction, the

length of entrance channels should be not less than one and a half to

two gauges. In the opposite case flow will be deflected to the swirl

chamber axis and angular momentum imparted to the liquid will be less
than that required — the injector will lose its centrifugal properties.

If the entrance channel has a smooth entrance, so that the flow
wholly fi1lls the cross section of the channel, the mean flow velocity
is determined from the equation

Vo.--;q;- (151)

If during the flow around the inlet edges of the channel the flow
narrows, then at the same volumetric flow rate the mean flow velocity
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in the entrance channel increases:

Vo2, - (152)

where e — coefficient of contraction of flow in entrance channel,

Consequently, in this case the real angular momentum on the'
entrance of the swirl chamber will exceed that calculated with respect
to the full area of the entrance channels, An increase of angular
momentum should lead to a decrease of the discharge coefficient and
srowth of the root angle of the spray.

The coefficient of contraction of the flow in the hole depends
basically on the shape of inlet edges and changes within limits from
0.6 to 0,95.

However, the values of coefficient of contraction, obtained for
iischarge from holes, cannot be directly used during calculation of
flow in the entrance channels,'* Apparently, upon passage into the
swirl chamber the flow somewhat expands, so that its cross section
becomes equal to 0.85-0,9 of the cross section of the entrance channel
independently of the shape of the channel — round or rectangular,

In calculating the hydraulic parameters of a swirler the effect
of narrowing of the flow in the entrance channels can be considered
by introducing the expression of the active characteristic of the
injector As. In the case of ideal 1liquid the active characteristic is
constructed just as the geometric, by replacing the area of the
channel entrances by the area of the flow cross section in these
channels, i.e.,

A=TEo L - (153)

Dependence of discharge coefficient and root angle of spray on
As remains the same as on A,

As is easy to show, in the case of real liquid the equivalent
active characteristic of the injector is determined by the formula
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‘ It is possible to take the value of the coefficient of contraction
& = 0,85-0,90 (at a sharp change of cross section of entrance to the
tangential channel). During continuous flow in the entrance channels

":31.

o= - ‘.)'- (154)

Iet us examine one more phenomenon which appears when a flow

proceeds from entrance channels into the swirl chamber. For o
simplicity we consider that in the entrance channel there is no

narrowing of the flow and the flow assumes the direction of the *
channel.

In the swirl chamber near the edge of the entrance channel two
flows are encountered: one moves from the entrance channel, and the
other flows along the swirl chamber wall (Fig. 48a). At point of J

Fig. 48. Diagram of
interaction of flows
in entrance channels f
and swirl chamber.

LS L ‘l ) \
:".’.u‘

merging K the directions of flow form angle X, which is determined
from the equation
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However, in reality flow velocity cannot have in the same point
different directions. Both flows, interacting with each other, are
deflected so that the flow velocity will be changed continuously both
in direction, and in terms of magnitude.

The cross section of the flow proceeding from the entrance

channel will decrease, and the swirl arm will increase in its average -

size. The flow entering in the swirl chamber experiences a certain
compression (Fig. 48b) which is greater the larger angle x (the snaller
the characteristic B-._) Such deformation of flow on the swirl
chamber entrance leads to a decrease of the discharge coefficient and
an increase of the root angle of the spray as compared to computed
values, calculated assuming no flow compression.

Compression of the flow in the swirl chamber was revealed during
visual observations of a flow of water in an enlarged swirler model
with transparent walls, having nozzle diameter 6 mm, swirl arm 15 mm,
one rectangular entrance channel with sides of 10.4 and 9.5 mm, and
height of swirl chamber equal to the height of the entrance channel.

To give the flow visibility chlorobenzene was addesi to the water,
a drop of which formed in the water a sufficiently s*able emulsion.
Simultaneously on the same injector model the flow rate of water at a
feed pressure p = 0.9 at was measured. Conditions of flow discharge
from the entrance channel were changed by placing in the swirl chamber
a thin diaphragm of variable thickness (from foil 0.2 mm thick)
serving as a continuation of the entrance channel wall and partitioning
partially the swirl chamber (Fig. 48b). The partition prevented flow
compression and lead to an increase of the flow rate through the
injector. Below are described the experimental data characterizing
the interaction of flows in the entrance channels and swirl chamdver:

Length of partition -l'f- csssceccs ® 025 08 1,0

Relative flow rate %55 -
““-m;}') " e e s 0 @ o.‘ l.m ‘.” ‘.3'.
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In the absence of a partition the flow rate was less than that
calculated for an ideal 1liquid due to flow compression on the swirl
] chamber entrance. An increase of the partition length (Ls) leads to
an increase of the flow rate, since the effect of flow compression is
reduced (angle of incidence of the two flows x tends to zero),

Apparently, an increase of the flow rate at values L,»028L as
compared to theoretical 1s explained by the decrease of angular
momentum of the flow in connection with the formation of a stagnant
region (under the partition). .

Flow compression thus leads to a decrease of the discharge
‘coefficient (increase of spray angle) and appears at small values of
the characteristic B -.'B..

-

At present there still is no method of calculating flow compression

'in the swirl chamber.

] | Besides energy losses connected with friction on the chamber
: ;wall, in the injector there appear still hydraulic losses when

liquid flows into the entrance channels, which in machine building !
practice usually have a sharp edge. ' :

oo

f When impact pressure in entrance channels is small as compared ‘
§ to feed pressure, hydraulic losses do not essentially influence the -
l operation of the injector., If, however 1impact pressure is comparable

w'th feed pressure, then under the influence of energy losses the flow ’
: rate of liquid through the injector can noticeably decrease,

The influence of energy losses in the entrance channels increases
for swirlers with an opened nozzle or, as they are ca}led, opened
injectors, i.e., with a decrease of the ratio of swirler arm to
nozzle radius C= --:%-— (Caa = 08), when, conversely, energy losses in
the syirl chamber play an ever smaller role,

4 »
___B. V. Novikov examined the effect of opening the swirler on its
hydraulic parameters,®
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Pressure drop in the entrance channels can be represented in the
form '

Ve
Bpee =t (156)

where 8§ — drag coefficient of entrance channels, depending on shape -
of edges and Reynolds number,

If we disregard energy losses in the swirl chamber, instead of
equation (62) we obtain

L+ WY =, (257)

If we also do not consider change of angular momentum, then,
repeating the derivation given in § 1 of this chapter, after simple
transformations we reach the following expression for discharge
coefficient of the swirler considering the effect of hydraulic losses
in the entrance channels:

}
R=- .
1. A» (158)
Vit

where

.

‘“-gﬂc.’
Since As does not depend on @, then, using the principle of

maximum flow rate, we obtain the former dependence of the nozzle space

factor on the geometric characteristic of the injector; the dependence
of root angle of spray on A remains constant.

Let us find now the ratio of y to pes From expressions (70) and
(158) we have

M- !

et ]/ |+z.,—(!§9-. (159)

At a glven value of the geometric characteristic this ratio
decreases with a decrease of C, i.e., as the injector nozzle opens.
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At a given value of C there is a considerably weaker dependence
of i& on the geometric characteristic of the injector A, As A
increases, discharge coefficient p.o decreases.
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For large values of C hydraulic losses in the entrance channcls
no longer essentially influence the discharge coefficlent of the '
swirler.

~

The drag coefficient was determined experimentally for holes
- simulating those entrance channels of swirlers most frequently
encountered in practice. Dependence of drag coefficient on Reynoldd
number of entrance channels (Res= V.d./v) 18 represented on Fig. 49,

b

=

9~ 25 (7 15 7] W Gy

s

Fig. 49. Dependence of drag coefficient
of entrance channels on Reynolds number,

Let us turn now to results of experimental investigation of
; injectors with different- values of characteristic C maintaining the
remaining injector dimensions constant.

On Fig. 50 are plotted experimental points showing the dependence
of %is on 0. As C decreases the ratio %ff becomes less than one.
(]

- f On the same figure the broken lines show the calculated
dependences by formula (159) for different values of geometric
characteristic A and drag coefficient &« = 0.9, corresponding to the
range of changes of parameters of investigated injectors and the test
conditicns,
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Fig. 50. Dependence of relative discharge
coefficient on characteristic C= f!: a)
€

[}
ratio 3.r; broken lines — analytic curves
according to formula (159); 1 — A = 2;

2-A=14; 3-A=26; b) ratio Boat. 50114
line — averaged curve. ¥o

Comparison of calculated and experimental dependences shows that
they coincide with sufficient accuracy. Deviation at large values of
C is connected with the effect of friction in the swirl chamber.

A somewhat smaller spread of points is obtained (Fig. 50b) if we
refer experimental values of the discharge coefficlient to those
calculated according to the equivalent characteristic of the injector,
i.e., taking into account viscosity of fuel,'®

Thus, if the ratio of swirl arm to nozzle hole radius is less
than three (C < 3), then in calculating the discharge coefficient it
is necessary to introduce a correction, using the averaging curve
shown on Fig. 50b.

Besides the above-examined energy losses (in entrance channels
and in swirl chamber) there exist other sources of energy losses in
an injector: 1losses during flow in body of injector, losses on turn
of flow in injectors with swirl vane (worm) and others. The magnitude
of these losses in great degree depends on the construction of the
injector, and its design in general is difficult.

95




7

P

The investigation of the effect of pressure losses on the hydraulic
characteristics of swirlers with different atomizer design is the
subject of a work by Z. I. Geller, M. Ya. Moroshkin and others [5, 6,

7, 17]. ‘

Consideration of the features of liquid flow in a swirler shows
that there exists a series of factors causing a deviation between the
theory of an injector for an ideal 1iquid and experimental data.

Liquid friction on the swirl chamber wall, increase of the chamber
height, deflection of flow in entrance channels to the axis of the
swirl chamber lead to an increase of the discharge coefficient and a
decrease of the root angle of the spray (as compared to pvo and Gw),
whereas & narrowing of the flow in entrance channels and its compression
upon entering the swirl chamber lead to a reverse action (decrease of
4 and increase of a),

Energy losses in the entrance channels, obtaining an essential
value when the injector nozzle 1s opened, and narrowing the flow in
the nozzle cause a decrease of the discharge coefficient and do not
influence the root angle of the atomization spray.

Increasing the nozzle length is connected with a decrease of the
root angle of the spray.

§ 6. Selection of Rational Dimensions of
AtomIzer and the Des [ le
entr al Injectors wirlers

A swirler should give the atomized 1liquid a given root angle of
the spray and ensure therein the required flow rate of liquid at a
selected feed pressure,

It is desirable also to minimize energy losses, since as losses
increase the exit velocity of 1liquid from the injector drops off and
the quality of atomization deteriorates.

When swirlers with a large discharge coefficient and small root
angle of spray (60-70°) are made, no essential angle difficulties are
encountered.

96




e . AW e S s St

e

The development of injectors with low discharge ccefficient
presents certain difficulties (especially with low flow rates of
viscous 1liquid), connected basically with the effect of friction on
the hydraulic parameters of the swirler. |

Overcoming (at least partial) these difficulties first of all
requires that the effect of friction on these hydraulic parameters be
diminished as much as possible.

Complex %?-;A should not, as a rule, exceed values of 5410.
This requirement means that characteristic B is less than 4-5 (when
the work of injector works on water or kerosene). One should not,
however, select values of B too small, since the absolute dimensions
of the atomizer decrease excessively, and, consequently, technology
is complicated and the precision of injector manufacture decreases,

An Increase of the height of the swirl chamber leads to a decrease
of the root angle of the spray and growth of discharge coefficient.
Therefore in designing injectors the height of the chamber should be
selected close to the diameter of the inlets (for rectangular
channels — the height of the channel). From technological
considerations the height of the chamber, however, should somewhat
exceed the dlameter of the inlets,

The cylindrical part of the injector nozzle should be short (not
longer than 1-2 calibrations); an increase of nozzle length is
undesirable, since it leads to a decrease of the root angle of the
spray.

If the equivalent characteristic of the injector does not exceed
4-5, then nozzle length 1, may be from 0.5 to 1.0 d,. When A4,>4-$§
one should use shorter nozzles [l = (025—0,5)d.].

It 18 recommended that the cone angle on ““e nozzle entrance be
within 1imits from 60 to 1200. Smaller cone angles are unadvisable,
since the discharge coefficient increases, the root angle of the spray
decreases and technology of manufacture is complicated. When the cone
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angles are large, the turn og the flow when passing from swirl chamber
into nozzle is too sharp and treatment of the inlet edge of the nozzle
hole is hampered. :

If entrance channels are insufficiently long, the flow cannot
assume a tangential direction and is deflected to the axis of the
swirl chamber, which leads to a decrease of the root angle of the
spray and growth of the discharge coefficient, Therefore, the length
of the entrance channels should be not less than 1.5 calibrations.'”
However, it must not exceed 3-4 gauges, since excessive lengthening
of the channel results in an increase of friction losses and an
increase of the dimensions of the injector.

Changing the number of entrance channels while maintaining a
constant total area weakly affects the hydraulic parameters of the
injector. As will be shown below, for "closed" injectors two-three
channels are sufficient to obtain a symmetrical spray angle with equal
distribution of fuel around its axis. When the number of channels 1is
large, essential improvement of the uniformity of fuel distribution
in the spray is not observed, but difficulties in manufacture
considerably increase (precision of manufacture drops off). Therefore
in designing swirlers the number of entrance channels should be from
two to four,

The above recommendations on selection of rational dimensions of

an atomizer refer first of all to the injectors of alrcraft gas turbine

engines.

Hydraulic design of a simple swirler consists in determination
of the dimensions of nozzle, swirl chamber and entrance channels
which guarantee obtaining rated values of productivity and the root
angle of the spray.

Initial data for calculation are root angle of spray, flow rate
per second of liquid, pressure in front of injector, density and
coefficient of viscosity.
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It is advisable to calculate on the basis of the theory of an
injector for an ideal 1liquid with subsequent consideration of the
effect of friction and different structural factors.

According to the rated value of the root angle of the spray,
using the curve shown on Fig. 30, we determine the geometric
characteristic of the injector A, by which we find the value of the
discharge coefficient. Further, from the flow rate equation we find
the diameter of the nozzle hole

0
4=V Y (160)

To determine the remaining dimensions of the atomizer we employ
the equation of the geometric characteristic

AmBe

T

Since this equation has three unknowns (R, n,r.), then two of them
must be found. The most convenient to find is the number of entrance
channels and the magnitude of the swirl arm. The number of entrance
channels should be selected from 2 to 4, The magnitude of the swirl

arm should be determined (for an ideal 1liquid) by proceeding from the
assigned dimensions of the injector,

After the number of entrance channels and the magnitude of the
swirl arm selected, we determine the diameter of the entrance
channels®

4...:‘/-:!_77:. (161)

This finishes elementary calculation of the injector for an ideal
liquid.

Further it is necessary to estimate the effect of friction and
different structural factors on hydraulic parameters of the injector
and to introduce into calculation necessary corrections, examining
the calculation for an ideal 1iiquid as a first approximation.
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let us determine the Re number of the swirl chamber entrance:

= oVasd, (162)

Here d, is taken from calculation for an ideal liquid.

By the Re number we find the coefficient of friction A, (Fig. 44).
Then we determine the equivalent characteristic

Aa= A : :
-:,4--5"- RR—re) (163)

It 1s obvious that A4 <A. If the difference between 4, and A
is small, i.e., if values of the discharge coefficient and root angle
of spray corresponding to 44 and A coincide with sufficient degree of
accuracy (deviation does not exceed 5-10%), then we should limit
ourselves to the first approximation. This will happen when friction
has little affect on hydraulic parameters of the injector (at small
values of A and complex -.;'- —A).

If the difference between A, and A is great, it 1s necessary to
calculate the following approximation.

Assuming that the coefficient of friction is xl, and solving
equation (163) with respect to r,, we find the new value of the inlet
diameters [taking in equation (163) Ay =A4]

Lmt)/ By, (164)

Then we determine the Re number and the value of the coefficient
of friction >‘2’ with respect to which we calculate equivalent
characteristic A, corresponding to entrance channels having dlameter
d, :

A Rre .
r:+-:"'k(k—t,)

Again we compare A, with A, and if the difference exceeds that
permissible, we calculate the following approximation.
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Usually two-three approximations are sufficient,®

In the case of a real liquid, when the magnitude of the swirl
arm is selected one should consider that to overcome the "viscous
barrier" it is necessary to decrease the swirl arm and simultaneously
decrease the diameter of the entrance channels: the greater A is
(L.e., the greater the assigned root angle of spray), the less R
should be.

P o pemetern e+

D O ST e s OO0 D §

y It is necessary to note that the less the flow rate of fuel and
the greater its viscosity, the smaller the swirl arm should be.

Since in the entrance channels the flow narrows, a correction for
the contraction factor should be introduced, For this the diameter of
the entrance channels is calculated not with respect to A and 4, dut
with respect to the active characteristic of the injector A, and A4,
ié. from formulas (153) and,(154).

We obtain for the first approximation

P -‘—"_—3‘-.‘ | (165)

. We select the value of the contraction factor within the limits
s = 0,85 — 0,90.

After the diameter of the entrance channels is found, we determine
remaining dimensions of the atomizer.

P : Diameter of the swirl chamber 1s calculated from the relationship
Dy=2(R 41,

g and the technical tolerance is added.

The height of the cylindrical part of the swirl chamber, nozzle

length and length of the entrance channels is selected in accordance
with recommendations given above (6~d..;-:-:- =025—1, L, 1,5—~30).

o‘.'

e O T

The angle of the cone on the nozzle entrance is selected within
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1imits from 60 to 120°,

For injectors with strong nozzle "opening" (C --E- < 28) and when
the cone angles on the nozzle entrance, additional corrections must
be introduced for losses in entrance channels and narrowing of the
flow in the nozzle.

 We will not discuss the design of inJjectors with whose entrance
channels are not round, or whose channels are inclined to the axis of
the swirl chamber, since in it does not entail new fundamental
questions.

Let us explain the progression design by two examples.
xample 1. Design an injector with spray angle o = 60° on flow
rate G = 40 g/s under pressure pT = 35 kgf/bm . Fuel — kerosene

(p = 830 kg/m s V= 2,2 100 n /s)

Root angle of spray a = 60o corresponds to geometric

characteristic A = 0,90 and discharge coefficient u = 0.462.

From expression (160) we find nozzle diameter d, =~ 1.20 mm,
We set the number of inlets n = 3 and magnitude of swirl arm
R = hrc = 2.4 mm (a greater value is unadvisable due to the excessive

increase in dimensions of the injector).

We calculate diameter of the inlets by formula (161): 4. = 1.46 mm
and Re number = 11,080,

From the curve on Fig. T4, we determine the coefficient of friction
A= 0,051,

We calculate 44 by formula (163): a, = 0.843,

Corresponding values of discharge coefficient and roop angle of
spray are W, = 0.478, a, = 58°, Then {? = 1,035 and %% = 0,968,
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The obtained values are close to the assigned and therefore we
can 1limit ourselves to the first approximation.

Taking thé flow contraction factor in the inlets as 0.9, we
determine their real diameter by formula (165): . ~ 1.55 mm,

We determirie remaining dimensions of the injector atomizer:
diameter of swirl chamber D.=2R+r.) =635 mm, Height of cylindrical
part of swirl chamber is selected somewhat greater than diameter of
inlets: o=18—19 mm, Angle on nozzle entrance ¥ = 90°. Length of

nozzle 1, = 0.5 d, = 0.6 mm; length of entrance channels lu = 2 4o =
= 3.1 mm,

Example 2, Design an injector with spray angle a = 120° on flow
rate G = 6 g/s under pressure pT = 4 kgf/cm2 Fuel — kerosene
(p-830kg/m,v_2210'6m/s)

The value a = 120° corresponds to A = 10.0 and u = 0.082, We
find diameter of nozzle hole dc = 1,91 ~ 1,90 mm. We set the number
of inlets n = 2 and magnitude of swirl armR = 2.5 r_ = 2,38 ~ 2,40 mnm,

We calculate dlameter of inlets dw = 0.6?3 mm and determine the
Re number. It is equal to 4400, From the curve on Fig. 74, we
determine the coefficlent of friction: A, = 0.084,
Further we calculate 44 by formula (163). We obtain 4, = 6.1,
This value of equivalent characteristic corresponds to hy = 0.125 and
a, = = 110°. Then {'— 1.52 and -‘;L= 0.916.

The deviation.between Ky and p is so great that it is necessary
to calculate the following approximation. Putting in formula (164)
the value of X;, we find diameter of inlet o}, = 0.404 mm. This inlet
diameter corresponds to Re number = 7360 and A, = 0. 062,

We calculate the new value of the equivalent characteristic:
Aa = 12,0, for which u, = 0.07, a, = 123°, 2 - 0.843, 2. 1,025,

Since the deviation between Uy and p is still great, we will
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calculate the third approximation. We obtain ¢ = 0.49 mm and further
Re number = 6050, 13 = 0.069 and 44, = 9.5.

The value of equivalent characteristic 4, = 9.5 corresponds to:
3-00855anda3=119, - -1045,-.&-099

We can 1limit ourselves to the third approximation. Taking for the
flow contraction factor in the inlets € = 0.9, we determine the actual
diameter of these holes. This gives &. = 0,516 mm. Since Wy > u the
value of 4, is rounded down: 4., = 0.51 mm.

We determine remaining dimensions of the atomizer:

Du = 5.,4;0=06—065 mm; I, = 0.25 d, = 0.5 mm; 4, = 2 do = 1.0 mm.

Angle on nozzle entrance y = 90°,

Let us note that if for a given injector we select a large number
of inlets, setting, for example, n = 4, then the diameter of these
holes will be so small (near 0.35 mm) that manufacture of the atomizer
will elicit certain technological difficulties.

§ 7. Manufacturing Precision of Centrifugal
Inﬂecgors (Swirlers)
In a number of cases in the exploitation of swirlers (in gas
turbine engines and installations) the requirements for accuracy of

coincidence of their hydraulic and discharge characteristics are
increased.

Certainly, it is impossible to prepare a set of injectors, which
would have absolutely identical discharge characteristics. However,
proceeding from required accuracy of coincidence of the-discharge
characteristics of separate injectors, the permissible tolerances in
the dimensions of the atomizer for which established requirements will
still be fulfilled can be found.

Discharge through injector is determined from the equation
0= &n V0.
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In this equation the product d2u depends on accuracy of
manufacture,

The relative change of discharge through an injector induced by
a difference in the dimensions of the atomizer will te

.8 _ Al Y
e -‘:+z‘:. (166)
In order to find the change of the ratio %—a dépending upon

manufacturing precision of the injector, i.e., on precision of
preparing the nozzle, entrance channels and swirl chamber, we will
express the discharge coefficient through the geometric characteristie
of the injector (we will éxamine an ideal flow). This is done most

simply by approximeting the dependence of p on A with the help of
formula (145).

Substituting the expression for p from formula (145) into

expression (166) and replacing A by ’—-:-:,—R, we obtain after simple
transformetions: “

=g
& Ca E LQ
L e i .
g = @—m L+ = m},,“'“- (167)

where dc — rated nozzle diameter; d,, — rated diameter of inlets; R -~
rated size of swirl arm:  Ad, — real deviation for dc; Ad,, — real
deviation for des; AR — real deviation for R.2°

Expression (167) is called the equation of manufacturing
precision of the injector. From consideration of this equation it
follows that the precision of achieving dimensions dc, d., 8nd R affects
the relative change of discharge differently. Whereas with an increase
of d, and d.s (Ad,>0; Ade:>0) discharge increases as compared to the
rated value, an increase of R (MR>0) conversely leads to a decrease
of the discharge.

Equation (167) within the assigned accuracy of preparing the
individual dimensions of the atomizer (dc’ de.» and R) permits

determining deviation in flow rate or, conversely, within the assigned
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maximum permissible deviation in flow rate and tolerances for preparing
two dimensions (for example, dc and d,), it permits determining the
tolerance for the third dimension (for example, R) which ensures
preservation of the assigned deviation in flow rate.

In the interval 0.75 < A < 7.5 the exponent m = 0.67. Then
equation (167) takes the form

] Imn [ el
) ! &R
A0 g3, LU .‘.‘:i“"_o,az? (168)
] & . doe s R’

From consideration of equation (168) it follcws that relative
change of dc and d, renders an identical influence on change of
discharge (corresponding quantities have approximately identical
coefficients), whereas the relative change of R has an affect half as
strong (coefficient is half as large).

For nozzle and entrance channels tolerances are set in the system
of the hole. In this case deviation will be positive, For the swirl
arm the deviation can be both positive and negative. The radius of
the swirl chamber (rated dimension) should beZ®?

where AR and Ad,. — upper deviations for dimension of swirl arm and
diameter of inlets,

Maximum relative deviation in discharge in the selected system of
tolerances will be determined from the equation
A6 e | 34 B 34 8R |
() = 130 130 S 124, (169)
where Ad,, Ad, and AR — absolute values of upper deviations for 4, 4,, and
R.

Even if for the size of the swirl arm a deviation of only one
place is set, for example, negative (in this case the rated size of
the swirl chamber radius should be selected as Ry=R+ %tilr), then
the equation of maxim:'m relative deviation of flow rate will take the
form
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Equations (169) and (170) permit determining the greatest possible
deviation in flow rate with respect to assigned deviations of {, d,
and R or with respect to assigned deviations in flow rate, and in two
dimensions (for example, d, and d) f£inding the most permissible
deflection in the third dimension (for example, R).

Calculations show that, for example, under the condition
éag)m< 003 dimensions d,, d,,, and R must be held in the first class of
accuracy. The smaller the absolute dimensions of the atomizer, the
greater the precision in fulfilling them should be.

L. V. Kulagin [14] showed for a real (viscous) liquid requirements
for manufacturing precision of injectors are somewhat lower,

Calculation of hydraulic characteristics of injectors, carried
out not with respect to values of maximum deviations in the primary
dimensions of the atomizer (within limits of field of tolerance), but
with respect to values of probable deviations, naturally shows that in
this case tolerances on the basic dimensions can be assigned more
freely [14].

The problem of improving the construction of injectors should be
in particular one safeguarding the technological possibility of
manufacturing an atomizer with minimum tolerances.

Accuracy of fulfilling the remaining dimensions of the atomizer
(height of swirl chamber, nozzle length, length of entrance channels)
does not greatly effect the discharge characteristic of the injector.
However, even these dimensions should be kept identical as possible
for all injectors.

The problem of unequal flow rate of fuel through individual
adjustable injectors, and also the problem of the effect of
manufacturing precision for injectors on distribution of fuel in the
spray will be examined below.
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§ 8. Hydraulics of a Centrig%gal
Ijector (Swirler) In a Fee
of Superheated qu

In breceding sections during the analysis of the work of a
swirler it was assumed that pressure of liquid vapors in the injector

is small as compared to pressure of the medium, into which liquid 1is
introduced.

When liquid is heated to the temperature at which its vapor
pressure does not exceed the pressure of the medium into which the
discharge occurs, a change in the work of the injector occurs only

because of the effect of temperature on density and viscosity of
liquid.

Upon further heating of the liquid, when its vapor pressure

exceeds ambient pressure, a decrease of discharge through the injector
is observed.

'This question was first investigated by K. N. Yerastov and Ye. G.
Nikolayev, who proposed the following formula for calculating the
discharge coefficient of superheated liquid:

wgy/ 20t 171
" " ro—r (171)
where L — discharge coefficient during discharge of cold liquid;

ps — absolute pressure of liquid in front of injector; ps — vapor
pressure of liquid at temperature t; p, — absolute pressure of medium.

Formula (171) has meaning when pu3»Pe (When pu<<pape=ii).

From formula (171) it follows that as vapor pressure of the
liquid in the gas vortex increases, the discharge coefficient decreases
as if the 1liquid discharge occurred not into a medium with pressure
P«, but into a medium whose pressure equals the liquid vapor pressure

Pu

Comparison of results of calculation by formuia (171) with
experimental data of the authors themselves shows that calculatinn
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gives a decreased value of the discharge coefficient (Fig. 51).
Fig. 51. Dependence of discharge co-
y 2 efficient on temperature of liquid .
0H===§ (injector of engine BMW-003, liquid -
’ water; pressure in front of injector

Q \ e = 30 kgf‘/cma): O — experimental
' points; 1 — analytic curve according

v to formula (171); 2 — analytic curve
A\ 1. according to formula (173); 3 —
" analytic curve according to the method .
() m W e % expounded in the work of Makhin and

others [16].

The cause of this deviation is that in connection with the
discharge of liquid vapor from the injector the pressure in the gas
vortex on leaving the nozzle is lower than the pressure of the
saturated vapor, which corresponds to the liquid temperature.

The work of V. A. Makhin and others [16] developed a theory of
the discharge of superheated (boiling) liquid from a swirler taking
into account the difference of pressure in the gas vortex from
saturated vapor pressure of liquid. It is assumed that discharge
occurs in thermodynamic equilibrium; discharge of liquid vapor and
change of the liquid temperature are considered.

However, as calculation shows, if the 1liquid temperature is less
than that which corresponds to vapor pressure (equal to pressure in
front of injector), then vapor discharge can be disregarded. 1In the
first approximation it is also permissible to assume that the
temperature of liquid during the outflow 1s constant.

Thus, the problem leads to determination of pressure in the gas
vortex on the injector nozzle exit. Pressure in the gas vortex on
the injector nozzle exit differs from ambient pressure only during
supercritical flow of 1liquid vapor. 1In this case

g \FT
"""(T;l—) . (172)
where p, — pressure in gas vortex (on nozzle exit); k — adlabatic

vapor index.
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Then the expression for discharge coefficient of superheated
liquid will be written in the form

/ -—pe
- 1 L
o "' po—r’ (173)

Formula (173) is applicable if p.>p, (at ps<po = ). Let us
note that during calculation of u one should consider the change of
density and viscosity of liquid depending upon its temperature.

Results of calculation of the discharge coefficient by formulas
(172) and (173) are represented on Fig. 51 (in interval of
temperatures 1oo°<¢<'2so'c for water vapor the mean value of adiabatic
index k = 1,30 is accepted). On the same figure is given the analytic
curve obtained taking into account vapor flow and change of liquid
temperature [16].

As we see, both calculated dependences are close to each other
and with a satisfactory degree of accuracy will agree with experimental
data of K. N. Yerastov and Ye., G. Nikolayev,

The flow of gas in a swirler is not examined in this book. This
question is analyzed in literature on cyclones and also to the Rank-

Kilsh [Editor's Note: exact translation of names has not been found]
effect.
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Footnotes

iThe term "swirl chamber" 1is more correct than the term "vortex
chamber," which sometimes appears in literature.

2The radial velocity component is disregarded.

3Gravity may be disregarded. Calculation shows that acceleration

2
due to gravity even at pressures P = 1 kgf/cm 1s in all only
hundredths of the centrifugal acceleration in the injector nozzle.

“In the derivation of equation (102) it was assumed, as was done
in the work of A, M. Prakhov [181, that there is no external compression
of the stream in the injector nozzle,
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S5This assumption is not stipulated in evident form in the work of
V. B. Tikhonov [21].

®Propagation velocity of long waves for viscous and ideal 1iquid
is identical [13].

7Calculations show that for injectors used practically
©®<ACLAS ) the error appearing when formula (137) is used instead
of formula (134) does not exceed 10%, and is usually considerably less.

In research calculations, and also for very viscous liquids it is
necessary to use formula (1}45.

®Equality occurs only at A = 0, i.,e,, for ideal liquid, or at

r, = R (in this case A=), But the latter case (and also when

r. > R, which gives A >4) should be excluded from consideration because
in these cases formula (125) cannot be used, since its derivation
assumed that liquid moves in the swirl chamber between two end walls.

27 similar phenomenon appears during the flow of liquid in a
guiding device without blades (ring). Here raised values of the
coefficient of friction also are obtained, changing within limits from
0.03 to 0.06 [19].

19The same character of dependence p=/(4) as the swirl arm increases
is experimentally established in the work of D, T. Karpukhovich [10].

11Tn practice injectors with variable height of swirl chamber
frequently are encountered: on the periphery the height of the chamber
is less than in the center (for example, in the presence of a cone on
the entrance into the nozzle).

If on the periphery the height of the chamber i1s close to the
diameter of the entrance channel and as the center 1s approached the
height increases smoothly, then with sufficient degree of accuracy we
can use the theory developed in the preceding section.

!2Phe hydraulic discharge coefficient of the nozzle is called the
discharge coefficient when liquid flows without swirling,

'7A11 nozzles were tested with the same swirl vane, having four
tangential rectangular channels (a=101,4~053 mm) and swirl arm

14This is verified by results of the treatment of experimental data
for injectors with various inlet edges of tangential channels,

1S7he decrease of discharge coefficient as the injector 1s opened
has been experimentally established by the author. The possibility
of explaining this decrease by hydraulic losses in the entrance
channels was first shown by V. V. Talakvadze [20].

18When -f—:--a <0, the formula for A is used purely formally; we
obtain 4.>4
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}17Length of rectangular channel in calibrations is equal to the
ratio of the length of the channel to its width.

18In the case of rectangular channels we determine consecutively
their area, width, and height.

19Tt is simple to prove that successive approximations indeed
converge to A, Convergence 1s disturbed only under the condition

that ">;.Tzf'_¢i’ since in this case equation (164) loses meaning. This

indicates that the first approximation is tovo rough. Therefore it is
necessary either to decrease the magnitude of the selected swirl arm,
or during calculation of the second approximation to place in equation
(164) not the value of i but a quantity which is 2-3 times smaller, so
that the subradical expression becomes positive.

2°By AR is understood totel deviation for swirler arm, induced both
by a shift of the axis of the entrance hole and by its nontangentiality.

2lye consider that the tolerance on the diameter of the chamber is
alsc given in the system of the hole, i.e., &, real is equal to or
more than &, rated.
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CHAPTER IV

ADJUSTABLE AND TWO-COMPONENT CENTRIFUGAL
INJECTORS (SWIRLERS)

§ 1. Principles of Adjustable Centrifugal
Injectors (Swirlers)

In the combustion chambers of gas turbine plants and jet engines
a wide range of change of fuel consumptlion must be ensured.

Thus, for example, when a alr-breathing jet engine passes from
conditions of maximum thrust near the ground to conditions of strong

throttling at high altitudes the fuel consumption decreases 20-30 times.

In a simple swirler fuel consumption changes 1in approximately
direct proportion to square root of pressure drop, so that an
increase of fuel consumption of 30 times requires an lncrease of
pressure drop ofl900 times.

Presently used fuel pumps ensure a maximum pressure in front
of injectors approximately equal to 75-80 kgf/cmz. This pressure
cannot be essentially increased without considerable complication and
loading of fuel equipment and a decrease of its reliability.

If maximum feed pressure is 75-80 kgf/cmz, then a decrease of
consumption by 30 times requires a pressure reduction to 0.08-0.09
kgf/cm2. But at such a low pressure the fuel stream from the injector
does not break up into drops, forming a "bubble."
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Satisfactory quality of atomization 1s attained with the use
of kerosene only when gauge pressure in front of the injector is
3-4 kgf/cmz; for gasoline this pressure is lower, but still composes
1-2 kgf/cme.

It is obvious that simple (unregulatable) swirlers in the
interval of pressure from 3-4 kgr/cm2 to 75-80 kgf/cm2 cannot ensure
the required range of change of fuel consumption (at satisfactory
quality of atomization on low consumption).

Consequently, it becomes necessary to develop adjustable swirlers,
l.e., such for which the flow rate with an increase of pressure
increases faster than 1s proportional to the square root of pressure
drop, so that the required range of change of flow rate will be
attained in a comparatively narrow interval of feed pressure (from
3-4 kgf/cm2 to 75-80 kgf/cma).

From the equation of flow rate
G=InVie

it is clear that the flow rate of liquid of a given density is
determined (besides by pressure) by the area of the nozzle hole

and the discharge coefficient. In accordance with this, increuasing
with growth of pressure the nozzle area or the dlscharge coefficient
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